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ABSTRACT 
Mimicry theory was developed by H. W. Bates and F. Müller based on their observations 
of similarities among butterflies, and since publication their theories have been used to explain 
numerous other mimicry systems. Bumble bees can be found in throughout the temperate parts 
of the word, as well as the high mountains and polar regions. In any given area, the local bumble 
bee species tend to share the same color patterns. Statistical confirmation of these trends has 
resulted in the hypothesis that these similarity groups are Müllerian mimicry rings. Bumble bee 
color patterns are thought to convey protection from avian predators, thus creating selection for 
fewer, more effective color patterns. Evidence for birds as predators of bumble bees primarily 
comprises logical arguments bolstered by only a few laboratory studies and empirical accounts.   
Although the hypothesis that birds are bumble bee predators driving the evolution of 
Müllerian mimicry is well reasoned and has some evidential support, strong experimental data 
are lacking. To test the effects of bumble bee color pattern on avian attack frequency, I created 
bumble bee models from soft plasticine with local, novel, and non-aposematic color patterns. I 
then presented these models to birds in the field using presentation apparatus to simulate bumble 
bees in flight and foraging on flowers; despite numerous attempts to optimize the apparatus, 
however, models were not effectively engaged by birds and statistically significant trends were 
not detected. A larger sample size may be needed, or the presentation system may require further 
modification. 
 Requisite to birds displaying preferences with regard to bumble bee color patters, is that 
birds are major predators of bumble bees in nature, which has not been conclusively shown. To 
investigate this premise, I recruited the assistance of bird banders from across the country as 
collaborators in the collection of dietary samples from a large number of birds representing 
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multiple species. I then designed and conducted a PCR assay to detect the presence of bumble 
bee tissue in the samples. Samples yielding electrophoresis bands were sequenced for 
verification. My results indicate widespread bumble bee predation across multiple bird species. 
Many of these birds have large populations and distributions, suggesting that they are able to 
exert significant selective forces on bumble bee populations. The large number of individual 
birds and bird species found to consume bumble bees provides strong affirmative evidence for 
the claim that birds are bumble bee predators and possible participants in the evolution of 
mimicry groups. I found bumble bee predation to be more likely in older birds, contrary to what 
would be expected if learned avoidance of bumble bees was occurring. The relationships 
between birds and bumble bees appears to be complex and conform poorly to general trends such 
as “birds avoid bumble bees.”  
 Mimicry theory has been applied to bumble bees to explain the observed color pattern 
similarities in species with overlapping geographical distributions. All research in this area is 
based on the human-centric observation that these similarity groups exist. Animals possess 
diverse visual systems, however, and it should not be taken for granted that predators of bumble 
bees, no matter what they are, see the same color pattern convergence that humans do. I asked 
the question of whether birds’ perceptions of bumble bee color patterns are likely to parallel our 
own. To test this, I used reflectance spectroscopy to measure bumble bee color patches and 
generated hue scores based on avian color perception. I then compared these scores to human-
assigned color classifications and found strong statistical association between human and avian 
perception of bumble bee colors. I also found that white bumble bee color patches consistently 
display relatively high ultraviolet reflectance invisible to human, but not avian, eyes. Consistent 
association of ultraviolet reflectance with only white color patches suggests that this reflectance 
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does not add variation to bumble bee coloration that humans cannot perceive. I conclude that 
existing studies indicating color pattern convergence in bumble bees based on human vision are 
likely valid from the avian visual perspective, as well.  
 My analysis of bird dietary samples show that birds are eating bumble bees in large 
numbers sufficient to result in powerful selection for color pattern convergence in bumble bees if 
foraging preferences based on color pattern exist. Additionally, reflectance data indicate that 
human-observed groups of bumble bees with similar color patterns are seen by birds, indicating 
that birds could be generalizing these patterns to create functional mimicry rings. The question 
remains, however, of whether birds learn to recognize and avoid bumble bees in the wild. My 
experiments were unable to demonstrate any effects of coloration on avian attack rates in the 
field, while my examination of the effects of age on the likelihood of finding bumble bee tissue 
in a birds’ diets showed a pattern inconsistent with that expected in a mimetic system. While I 
have shown that birds play a significant role in the ecology of bumble bees, and that putative 
bumble bee mimicry rings are visible to birds as well as humans, the role of birds in creating 
these mimicry rings remains uncertain.  
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CHAPTER 1: INTRODUCTION 
“Nothing in biology makes sense except in the light of evolution,” are famous words of 
Theodosius Dobzhansky (1973), and perhaps one of the most cited phrases in biological writing. 
Evolution is the paradigm through which we construct our understanding of the natural world, 
from the mechanisms of microbial antibiotic resistance to the mechanics of elephant trunks. By 
better understanding the evolutionary process, we come to better understand the rest of the living 
world and are better able to solve new problems. Conversely, it is from studying specific 
biological phenomena that we come to better understand evolution. One such phenomenon is 
mimicry. Mimicry, the diverse forms of which involve fooling predators or prey, inherently 
involves traits that are readily detectable with the unaided senses. Many instances of mimicry 
were thus noted and studied long before the age of genetics, biotechnology, and computational 
biology. Today, mimicry remains a useful educational tool for teaching evolutionary concepts to 
beginning biology students and to the pubic at large (Tamir 1993; Stewart & Rudolph 2001; da 
Silva 2012). 
 An especially interesting group for the study of mimicry is that of the bumble bees 
(Bombus). Their large body size and conspicuous color patterns make them favorites of children, 
and one of the first insects they learn. It is not surprising that some of the earliest accounts of 
resemblances among organisms involve bumble bees and flies that mimic them (Kirby & Spence 
1817). Their especially diverse colors and patterns are the model for a large number of mimics, 
both harmless (Batesian mimics) and harmful (Müllerian co-mimics). Not long after H. W. Bates 
(1862) published his concept of mimicry theory based on his observations of butterflies, bumble 
bees were also recognized as excellent candidates for the application of mimicry theory. Their 
brightly colored bands and large size suggest warning coloration (Gittleman & Harvey 1980), 
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and their potent sting is an effective defense mechanism (Evans & Schmidt 1990). In Bates’ 
system, natural selection results in undefended species evolving to resemble defended species. 
Resemblances between bumble bees and hover flies have been known for centuries (Kirby & 
Spence 1817) and were redescribed as instances of Batesian mimicry (Gabritchevsky 1926). 
New Batesian mimics continue to be described, including moths (Rubinoff & Roux 2008) and 
beetles (Fisher & Tuckerman 1986), as well as new families of flies (Bromley 1950). After Fritz 
Müller (1879) published his own theory postulating that natural selection could cause multiple 
defended species to share the same warning signal, researchers began to compare the color 
patterns of bumble bee species (Vogt 1909, 1911; Richards 1929; Reinig 1935).  
More recent evidence suggests that distantly related bumble bee species broadly 
overlapping in distribution exhibit similar color patterns and belong to Müllerian mimicry rings 
(Plowright & Owen 1980; Williams 2007). For a mimicry system to function, the warning signal 
(here the color pattern) must convey a fitness benefit to the models/co-mimics and the mimics. 
The colorful signals exhibited by bumble bees suggested a predator active in the daylight, and 
the high fidelity nature of many documented resemblances suggests an acute visual system (e.g. 
Hines & Williams 2012). Many bird species are diurnal, exhibit acute vision (Hart 2001), and 
have the advantage of flight. As bumble bees spend much of their time outside the nest foraging 
(Knight et al. 2005), flight provides birds with excellent access to bees. Birds have thus been 
assumed to be the selective force for bumble bee mimicry.  
 The principal experimental test of the hypothesis that birds learn and avoid bumble bee 
color patterns was undertaken by Evans and Waldbauer (1982). Their work involved capturing 
Red-winged Blackbirds and Common Grackles and feeding them frozen bumble bees and flies 
thought to be Batesian mimics of bumble bees. Based on a variety of metrics (e.g. feeding 
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latencies, feeding duration), Evans and Waldbauer concluded that captive birds that were fed 
bumble bees would subsequently avoid bumble bee-like flies, demonstrating an adaptive benefit 
for bumble bee coloration. While Evans’ and Waldbauer’s work illustrates that bumble bee 
coloration can be generalized to putative mimics in some circumstances, their work is seldom 
interpreted in this way. More often, “Evans & Waldbauer (1982)” is cited as evidence that birds 
in the wild learn and avoid bumble bee color patterns (e.g. Heinrich 2012), an interpretation not 
fully supported by the evidence.  
 A similar mischaracterization occurs with the laboratory experiments of Brower, Brower, 
and Wescott (1960), who also demonstrated the learned avoidance of flies that resemble bumble 
bees. Their work is often cited as evidence that bumble bee mimics receive a fitness benefit from 
their appearance. Again, the limitations of this study preclude such a strong interpretation. 
Laboratory conditions (e.g. dead or restrained prey items, starving test animals, lack of 
alternative food, reduced or abnormal environmental stimuli) are unlikely to resemble field 
conditions. One particular feature of Brower et al. (1960) perfectly illustrates the problem of 
generalizing laboratory trials to field conditions: the use of toads as bumble bee “predators.” 
Despite the many studies that cite this work as evidence that bumble bee mimics enjoy a 
selective advantage, what was actually shown was that such an advantage could exist. The 
authors, themselves, make this point: 
The use of Bufo terrestris as a caged predator in these experiments might be subject to 
criticism on the basis that it is not a major natural predator of bees and [asilid flies]. 
Toads become active at twilight and forage well into the night…and as far as is known 
lack color vision…Both of these factors make it unlikely that they acted as the main 
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selective agents in the evolution of the mimicry of B. americanorum by M. bomboides. 
(Brower et al. 1960)  
The main point is that the limitations of laboratory studies must be recognized when 
extrapolating to field conditions. Brower et al.’s (1960) study is important because it, along with 
Evans & Waldbauer (1982), demonstrates that bumble bee color patterns can perform a 
protective function. These studies set the foundation for further testing avian predation and co-
mimetic fitness benefits in the wild.  
 Stelzer et al. (2010) performed one such study by monitoring worker losses in native 
bumble bee colonies with color patterns familiar to local predators versus losses in transplanted 
bumble bee colonies with color patterns new to the area. Across their study sites, they found 
either no difference in worker losses or greater losses in the native colonies. They concluded that 
bumble bee color patterns do not provide protection from predation, as would be expected for 
Müllerian mimicry. Owen (2014) later proposed that Stelzer et al. failed to properly account for 
the life cycles of native bird populations and the predation patterns resulting from a new 
generation of naïve birds having to experiment with distasteful bumble bees. An older set of 
landmark studies of insect mimicry (Waldbauer & Sheldon 1971; Waldbauer et al. 1977; 
Waldbauer & LaBerge 1985) also found that taking bird phenology into account was necessary 
to account for what appeared on first glance to be a violation of mimicry theory. In Chittka and 
Raine (2014), two of the original authors of the Stelzer et al. study question Owen’s post-hoc 
reanalysis of the data as being biased to give the desired results. The difficulty in interpreting the 
results of Stelzer et al. (2010) illustrate the complexity of performing experiments under field 
conditions and give insight as to why so few field studies of bumble bee mimicry exist.  
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 The goal of my work has been to close the gap between the theory of Müllerian mimicry 
in bumble bees and actual empirical evidence to support it. I performed field experiments to 
measure the effects of local and foreign bumble bee color patterns on local avian predation rate, 
but found no significant patterns. These experiments are described in Chapter 2. In a second set 
of experiments, I tested the more fundamental assumption that birds are major predators of 
bumble bees. With the help of collaborating bird banders across the country, I collected dietary 
samples from a 1,652 birds and examined them for evidence of bumble bee predation. I describe 
the results of this work in Chapter 3. In Chapter 4, I examine the premise that co-occurring 
bumble bee species share similar color patterns in the eyes of birds. Animals differ widely in 
their visual capabilities, and asking whether birds select for color pattern convergence in bumble 
bees is unnecessary if bumble bee coloration is not in fact convergent in the eyes of birds. I used 
reflectance spectroscopy measurements of bumble bee pile (hair) to simulate avian perception of 
bumble bee coloration, and then compared those color values with human-perceived color 
groups, such as those identified in past studies of bumble bee color pattern convergence 
(Williams 2007). 
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CHAPTER 2: EXPERIMENTAL TEST OF THE EFFECTS OF BUMBLE BEE COLOR 
PATTERN ON AVIAN PREDATION RATES 
 
Abstract 
Bumble bees (Bombus) are purported members of Müllerian and Batesian mimicry 
groups. Mimicry theory, as it pertains to bumble bees, is based on observations of color pattern 
similarity among species and the apparent aposematic nature of these patterns. Despite the fact 
that bumble bees and their mimics appear to fit the theoretical requirements of a mimicry 
complex, little empirical or experimental evidence exists to support the hypothesis that bumble 
bees are participants in complex mimicry rings. One area of particular concern is the unknown 
identity of a predator that is driving the convergence of bumble bee color patterns. To date, birds 
are largely attributed to fill this role, but with little empirical evidence in support. This study uses 
plasticine models displaying aposematic bumble bee color patterns and black, non-aposematic 
color patterns in a natural field setting to examine the hypothesis that locally-shared aposematic 
color patterns (co-mimicry) lead to a reduction in attack frequency by avian predators. Despite 
numerous experimental designs, plasticine models proved unable to answer this question. 
Identifying the causes of damage to the models was difficult or impossible in many cases. 
Verifiable avian damage was rare enough to preclude statistically significant trends, and direct 
observations of models in the field indicated a general lack of interest by local birds. It is 
possible that fly-catching birds require foraging cues that were not replicated through the use of 
models, or that a greater number of models were necessary to obtain robust results. Future 
possible research directions are discussed.  
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Introduction 
 In 1862, H. W. Bates published the first mimicry theory based on natural selection 
centered on his observations of South American butterflies. Bates’ recognized that similarly 
colored species often included both noxious (chemically defended) and edible (undefended) 
species. He postulated that by adopting the appearance of noxious species, edible species would 
benefit because predators would think them inedible. In 1879, Fritz Müller, also working with 
butterflies, proposed that natural selection could also cause multiple noxious species to converge 
on similar warning signals over many generations. In this way, he claimed, the burden of 
teaching predators the warning signal could be shared across all participating species, who would 
derive survival benefits. Although Müller and Bates popularized butterflies as the mimicry 
archetype, the long-established similarities among groups of bumble bees (Poulton 1837; 
Packard 1866) were soon reinterpreted in the light of mimicry theory (Reinig 1935).  
 Multiple studies have found support for the hypothesis that the color pattern similarities 
displayed by groups of co-occurring bumble bee species are evolutionarily convergent and can 
be explained by Müllerian mimicry (Reinig 1935; Plowright & Owen 1980; Williams 2007; 
Hines & Williams 2012; Rapti et al. 2014). Strong empirical evidence on bumblebee predation 
and the role of color pattern in selective behavior of predators is, however, lacking. Additionally, 
other explanations for bumble bee color pattern convergence have been proposed, including 
thermoregulation (Stiles 1979) and crypsis (Williams 2007), and it is possible that all three of 
these mechanisms affect color pattern evolution to different extents. Experiments are needed to 
determine the influence of each hypothesis.  
 Bumble bee color patterns are generally conspicuous and their sting can be an obstacle 
for many potential predators (Evans & Schmidt 1990). The evolution of a mimicry system, 
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however, depends on an animal’s appearance conveying increased fitness through protection 
from predation. That is, a predator must learn the prey’s warning signal and avoid it the future 
for the prey to benefit. Proponents of bumble bee mimicry hypotheses point to birds as a likely 
predator (Remington & Remington 1957), however, there is little data directly supporting this 
hypothesis. Laboratory experiments demonstrate that birds and other animals can learn to avoid 
bumble bees, suggesting mimicry (Evans and Waldbauer 1982; Brower et al. 1960). However, in 
the field factors like hunger (Sandre et al. 2010) and temperature (Chatelain et al. 2013) can 
affect prey choice. In addition, one of these laboratory studies used toads as model predators, 
which are not likely to encounter and capture bumble bees in the wild (Brower et al. 1960).  
 Empirical evidence for birds as predators of bumble bees does exist. Beal (1912) and 
Davies (1977) identified bumble bee remains in dietary samples of various flycatcher species, 
and Bryant (1914) identified the remains of either Bombus or Xylocopa in the stomachs of 
Western Meadowlarks. These cases are insightful, but insufficient to validate a complex, global 
mimicry complex. Stelzer et al. (2010) tested the hypothesis that bumble bee color patterns 
conferred a protective benefit in the wild by introducing bumble bee colonies with novel color 
patterns to new localities in Europe and measuring colony losses. Unfortunately, they were 
unable to draw clear conclusions about the role of mimicry (Owen 2014; Chittka & Raine 2014).  
 I experimentally tested the hypothesis that local, convergent bumble bee color patterns 
confer protection from avian predation. Specifically, I created plasticine models of bumble bees 
with various color patterns, both local and foreign, and presented them to wild birds to determine 
if there was significantly greater predation of the foreign patterns.  
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Materials and Methods 
Study Sites  
I examined bumble bee color patterns on wild bird predation rates at seven tallgrass 
prairie sites surrounded by deciduous forest fragments in Champaign County, IL. These sites 
were distributed across four large natural areas: Lake of the Woods Preserve, Meadowbrook 
Park, Trelease Prairie, and Phillips Tract (Table 2.1). All locations support an abundance of both 
bumble bees and wild birds (personal observation). The sites also support diverse plants for 
nectar and pollen resources as well as forest edge habitat providing suitable nesting ground for 
bumble bees (Hines & Hendrix 2005). Descriptions of each site are given in Appendix A.   
 
Model Construction 
I constructed models using soft non-drying plasticine (Lewis Newplast). Plasticine can be 
worked easily into the desired form and remains soft enough to retain evidence of any damage 
sustained during predation attempts in the field (Finkbeiner 2012). The physical impressions of 
such damage can then be inspected to determine the type of predator. I shaped the plasticine into 
a representation of a round thorax and an elongated, tapered abdomen (Fig. 2.1) Overall, bumble 
bee models were approximately 2 cm in length and 0.8 cm in diameter, generally the same size 
as the workers of most Illinois bumble bee species. I added a small, flattened sphere of black 
plasticine 3 mm in diameter to the anterior end of all models to represent the head, and another 
flattened sphere of black plasticine 1-2 mm in diameter to the dorsal thorax to represent the bare, 
black color patch common to most Illinois bumble bee species. Model bumble bees did not have 
representations of legs or antennae, although I added wings in two trials (Trials S2 and S3) by 
printing scanned Bombus forewing venation on transparency sheets and cutting them out. The 
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bases of these wings were then inserted into the plasticine, and the wings were extended, as if 
extended in flight (Fig. 2.1 c.). I did not add hind wings to any models.  
 
Color Patterns Treatments 
 I constructed models in three general patterns: all-black control models, black-and-yellow 
mimics of B. impatiens, and aposematic variants that did not resemble local bumble bees. The 
black non-aposematic control bumble bee models served to establish a baseline for avian attack 
rates. Black is not generally regarded as an aposematic color, and these models were intended to 
resemble any number of dark insects available to birds. Bombus impatiens is one of the most 
abundant bumble bees in Illinois and was selected as a representative pattern for testing learned 
avoidance in wild bird populations. I constructed B. impatiens models from yellow and black 
plasticine (standard Newplast color varieties) to represent this pattern.  
 If insectivorous birds learn to avoid sympatric bumble bee color patterns, then models 
displaying novel patterns would experience higher predation than those exhibiting familiar, 
bumble bee patterns. To test this idea, I presented birds with models showing three novel color 
patterns. These included an all-yellow bumble bee models without any black coloration, and 
substituting the yellow portions of the standard B. impatiens model pattern with either white or 
red plasticine (Fig. 2.1).  
 
Model Presentation 
To simulate bumble bees in flight above forage, I constructed a model presentation 
apparatus (Fig. 2.2). Each presentation array consisted of a pair of anchor posts suspending a 
transect line above the ground. Anchor posts were 2 m lengths of 1in diameter PVC pipe fitted 
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over standard 3 ft rebar lengths that were driven into the ground. At regular intervals along the 
transect, individual bee models were suspended on 1m drop lines attached to the transect with a 
metal fishing swivel (Eagle Claw Fishing Tackle Co., black). The drop line and swivel assembly 
allowed models to move freely in the wind, resembling the motions of free-flying bees. At 
distances great enough to hide the slender drop lines, the models fooled myself and other 
members of my team on multiple occasions. 
A secondary goal of this study was to determine the optimal means of presenting model 
bumble bees to birds. I presented models to birds in both a flying and foraging format and made 
continual adjustments to the methods in attempt to make the models more closely mimic live 
bees. Originally, the transect and drop lines of the flight apparatus were composed of thick and 
thin gauge monofilament fishing line, respectively. In the final iteration, transect lines were 
comprised of black nylon cord, and drop lines of black nylon thread (Coats & Clark; Model 
S964; Color 900). I chose nylon as the replacement material due to its effectiveness in 
commercial mist nets and other bird trapping products. Accompanying the switch to nylon lines, 
lead fishing sinkers were replaced by tied loops to prevent the drop lines from sliding along the 
transect lines. Using loops had the added advantage of being less conspicuous in appearance, not 
to mention making transect assemblies lighter and easier to transport. Finally, translucent white 
sewing buttons gave way to small black glass beads to seat the models at the ends of the drop 
lines. I could easily embed the small black beads in the plasticine of the ventral side of the 
model, hiding it from birds and thus making for a more realistic model.  
To simulate bumble bees foraging on flowers, I used green bamboo stakes (Garden 
Treasures, green, 3 ft) to stage the model bumble bees (Fig. 2.3), and used paperclips coated with 
black plastic (Officemate International Corporation) to form an attachment clip at the tip of each 
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stake. One end of the clip was inserted into the hollow core of the bamboo stake. The other end, 
bent parallel to the ground and perpendicular to the stake, was then inserted into the anterior end 
of a plasticine bee model. Stakes were inserted into the ground such that models were presented 
at the approximate height of the flowers and/or seed heads of the surrounding vegetation 
(approximately 0.7-0.8 m above ground level).  
 
Field Trials   
Trial A took place at the power line corridor at Phillips Tract (Table 2.1). I deployed nine 
models, including five displaying the color pattern of Bombus impatiens and four black control 
models, using a flight apparatus for five days (Table B.1). The presentation system utilized 
fishing line transects and drop lines, as well as fishing sinkers to keep drop lines from sliding 
along the transect. Model bumble bees were seated on white plastic buttons. I performed four 
damage inspections at 24-hour intervals.  
Trial B took place on the south side of Trelease Prairie (Table 2.1) over the course of 
three days. I deployed five Bombus impatiens models and four black control models on a flight 
simulation array (Table B.2). In this trial, black polyester thread replaced fishing line as the 
material for the drop lines supporting individual bumble bee models. This material has a lower 
visibility and was intended to make model bees appear more natural. I performed two damage 
inspections at 48 and 24-hour intervals, respectively. 
Trial C also took place on the south side of Trelease Prairie (Table 2.1). Eight all-yellow 
models and eight black control models were deployed over the course of two days (Table B.3) on 
a flight simulation array. Presentation details were identical to those in Trial B. I performed two 
damage inspections at 24-hour intervals.  
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Trial D occurred at the north side of Trelease Prairie (Table 2.1) over the course of four 
days. I deployed forty-four models for each of three test color patterns, yellow, Bombus 
impatiens, and black control on seven fight simulation arrays (Table B.4). To reduce the 
conspicuousness of the presentation system, the black nylon cord replaced fishing line for the 
transect lines. Instead of lead fishing sinkers, I tied loops at 1m intervals in the transect cord to 
anchor the drop lines for individual bumble bee models. I replaced the black polyester thread 
with black nylon thread for the drop lines due to increased strength and resistance to solar 
degradation. Finally, I used small black glass beads instead of the previous white buttons as the 
seating material for the bumble bee models in an effort to make the models appear more natural. 
I performed three inspections at intervals of 24, 24, and 48 hours, respectively.  
Trial E was conducted at Buffalo Trace Prairie at Lake of the Woods Preserve (Table 2.1) 
over the course of six days. I deployed twenty models for each of three color patterns, yellow, B. 
impatiens, and control black (Table B.5) on three flight simulation arrays. Instead of nylon 
thread, I constructed drop lines of black nylon monofilament to further reduce their visibility. 
The presentation apparatus were otherwise identical to those in Trial D. I performed three 
inspections, at intervals of 24, 36, and 48 hours, respectively.  
Trials F, G, and H all utilized identical flight simulation apparatus at different locations. 
Trial F was set at the north side of Trelease Prairie (Table 2.1) and took place over the course of 
eight days. Nineteen B. impatiens models and twenty control black models were deployed on two 
flight simulation apparatus. Design of the apparatus was identical to that in Trial E. Four 
inspections were performed at intervals of 48 hours (Table B.6).  
Trial G occurred at Meadowbrook Park in the Wandell Sculpture Garden (Table 2.1) over 
the course of six days. Sixteen B. impatiens models and sixteen control black models were 
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deployed on two flight simulation apparatus identical to those used in Trials E and F (Table B.7). 
Three damage inspections were performed, at 48-hour intervals.  
Trial H was conducted in the Walker Grove portion of Meadowbrook Park (Table 2.1) 
over the course of eight days. Fifteen B. impatiens and fifteen control black models were 
deployed on two flight apparatus (Table B.8). Apparatus design was identical to those used in 
Trials E, F, and G. Four damage inspections were performed at intervals of 48 hours.  
Trial S1 was the first trial to use the “foraging bee” presentation system using bumble bee 
models mounted on the tips of green garden stakes. This trial occurred at Phillips Tract in the 
power line corridor area (Table 2.1) over the course of seven days. I deployed five models, four 
with B impatiens and one with black control color patterns, on stakes (Table B.9). I performed 
four damage inspections at intervals of 24, 48, 24, and 36 hours, respectively. 
Trial S2 took place in the bluegrass prairie area of Phillips Tract (Table 2.1) for five 
hours each day for two days. Models were presented on stakes to simulate foraging. For this trial, 
I attached wings to each model to simulate a more natural appearance. I created the wings by 
printing Bombus forewing venation onto transparency sheets, then excising the wings from the 
sheets and inserting their bases into the thoraces of the plasticine models. Six models of B. 
impatiens white variant and eight B. impatiens red variant were deployed on the first day of the 
trial. Five B. impatiens white and seven B. impatiens red variant models were deployed on the 
second day (Table B.10). In these test patterns, the yellow aposematic bands of B. impatiens 
were replaced by red and white. Twenty black control models were also deployed each day. I 
inspected the models for damage at the end of the five-hour test period each day.  
Stake Trial S3 took place in the bluegrass prairie area of Phillips Tract (Table 2.1) over 
the course of two days. I deployed eighteen winged models each of the Bombus impatiens and 
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black control color patterns (Table B.11), and performed two damage inspections at 24-hour 
intervals.  
 
Scoring Model Damage 
I examined each model in the field for damage at regular intervals during each trial. Any 
damaged modles were removed from the presentation system, assigned a voucher number, and 
placed inside a plastic tube to prevent further deformation. A new model of identical color 
pattern was then placed on the presentation apparatus in place of the one removed. Damaged 
models were carefully examined to characterize the nature of the damage sustained. In the vast 
majority of cases, damage to the models was either ambiguous as to causation, or unambiguously 
non-avian in nature. All models have been retained as damage vouchers in the event that follow 
up examination is desired, and are in cold storage at the Cameron Lab at the University of 
Illinois. 
 
Data Analysis  
I evaluated the influence of color pattern on predation risk using Fisher’s exact test. Each 
time a presentation array was inspected for damage, every model was considered as a discrete 
observation (damaged models were replaced with new undamaged models). For each trial, I 
totaled observations across inspections for each color pattern treatment, and each observation 
was categorized as either undamaged or damaged. Damage determined to be either ambiguous or 
non-avian in nature was considered “undamaged;” only models with damage that cold be 
reasonably attributed to birds were considered “damaged” for analysis purposes. Avian damage 
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was characterized by the presence of clear wedge-shaped indentation(s) in the model, as would 
be expected from a bird’s beak (Finkbeiner 2012).  
The results of each trial are analyzed individually because the methods were changed 
repeatedly in an attempt to optimize the presentation system. I used Fisher’s exact test to 
evaluate the hypothesis that avian damage was associated with color pattern by comparing attack 
frequencies for each aposematic test pattern to the black control group for the same trial. Fisher’s 
exact test is appropriate for this analysis due to the small sample sizes and the categorical 
damage and color pattern variables used. I performed statistical analyses using Minitab 17.1.0 
(2013, Minitab, Inc.). 
 
Results 
The results of the experiment are summarized in Table 2.2. Eleven total trials were 
conducted, eight using the flight apparatus and three using the foraging system, resulting in 800 
total observations. Five of the 11 trials yielded damage events that can confidently be attributed 
to avian attacks, two from the foraging system (4 attacks) and three from the flight system (10 
attacks). Differences in attack frequency among color pattern treatments were not statistically 
significant in any trial (Fisher’s Exact Test p < 0.05). Detailed results, including accounts of 
ambiguous damage, are given in Appendix B.  
 
Discussion 
 I tested the hypothesis that birds are major predators of bumble bees, thereby acting as a 
selective force for color pattern convergence. Despite a handful of empirical accounts of bird 
predation on bumble bees (Davies 1977; Beal 1912; Bryant 1914) a definitive test of this 
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hypothesis had not been conducted prior to this study. Stelzer et al. (2010) performed the only 
test of the broader hypothesis that bumble bee color patterns confer a protective advantage in 
nature by measuring daily worker losses in bumble bee colonies with local and novel color 
patterns. Unfortunately, their approach only indirectly tested their hypothesis (i.e. by counting 
Bombus worker losses each day) and there is some controversy over the implications of avian 
phenology on their results (Owen 2014; Chittka & Raine 2014). The present study, as designed, 
specifically investigated the protective effects of aposematic bumble bee color patterns with 
regard to bird predation. It should be noted, however, that direct observations of avian predation 
attempts (e.g. video evidence) would constitute stronger evidence than the use of beak 
impressions left on the models. 
 My results are insufficient to constitute a robust test of the hypothesis. Over the course of 
eleven trials, very few predation events were recorded across the 800 total model observations in 
the field. Six of eleven trials yielded no damage events to models at all, and in the other five, the 
damage rate was too low for statistically significant comparisons. None of the numerous 
revisions to the presentation methods resulted in markedly higher avian interest. To better 
understand the possible reasons for the lack of results, it is helpful to look to similar research. 
Model prey items have a history of success in predation and foraging experiments (e.g. Brodie 
1993; Sanches & Vállo 2002; Marek et al. 2011; Finkbeiner 2012; Stuart et al. 2012), including 
bird-insect interactions. No studies to date using models have attempted to replicate prey items in 
flight, however, and it may be that important foraging cues were missing from my experimental 
system. Indeed, on a number of occasions I observed Eastern Kingbirds actively foraging in the 
general vicinity of experimental arrays loaded with aposematic and black models, but these birds 
showed no interest in the model arrays. As relatively little is known about how flycatchers 
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identify possible prey items in flight, it is possible that essential search cues were missing from 
my models. Studies on motion perception indicate birds may be able to perceive insect wing 
motion (Dodt & Wirth 1953; Powell 1967; Nuboer et al. 1992; Ha et al. 2014). Non-visual 
factors may also be important, as studies into mimetic resemblances among insects have 
identified a broad spectrum of imitated characters, including sound (Gaul 1952; Lane 1965; 
Barber & Connor 2007) and smell (Rothschild 1961; Marples et al. 1994). The apparent 
disinterest of avian predators in the bee models in this study, especially regarding the control 
models with no warning coloration, suggests a fundamental issue with the premise that the 
models resembled viable prey items. Further work in avian foraging ecology and physiology may 
be important to successfully use plasticine models in foraging experiments involving flying 
insect prey.  
The greatest limitation of the current study is the small sample sizes used. Because the 
design of the presentation system was consistently changing, most of the trials were relatively 
small and involved few flight arrays and a small number of bee models. The largest trials 
included only 130-150 models. Though similar studies with models used sample sizes much 
larger than this (e.g. 300 models per treatment group) the numbers used here should have been 
large enough to yield numerous attack events given attack rates similar to those documented in 
the literature (e.g. Finkbeiner 2012). Even the largest trials in the present study were, in essence, 
preliminary tests of the current system design that would have been expanded given evidence of 
reliable engagement by avian predators. The lack of any such interest prevented large-scale 
deployment of any one design, which may have prevented the collection of statistically 
significant results. Due to the almost complete lack of interest in the apparatus by birds (personal 
observation), I find it unlikely that a larger sample size would have resulted in robust 
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experimental results. Instead, I think this study raises fundamental questions about the 
importance of specific foraging cues when presenting insects in flight to avian predators. If 
increasing the sample size could rectify the statistical insignificance of my results, hundreds or 
even thousands of models may be needed.  
The need for an experimental test of the hypothesis that local bumble bee color patterns 
provide protection from avian attacks is still warranted as part of the broader evaluation of 
Müllerian mimicry theory in bumble bees. More work on the foraging ecology of flycatchers 
may allow for modified model-based experiments that can address this question. The 
commercialization of bumble bees for agricultural purposes makes the possibility of importing 
non-native bees with novel color patterns attractive (e.g. Stelzer et al. 2010). However, the risks 
of a non-native bumble bee species becoming invasive (Atsumura et al. 2004, Torretta et al. 
2006) or spreading novel pathogens (Singh et al. 2010, Arbetman 2013) to native bee fauna 
likely outweigh the possible benefits of such a study. One acceptable alternative includes direct 
observation of tethered insects painted with various color patterns. My own proof of concept 
experiments indicate that tethered bumble bees are capable of flight and can survive for many 
hours when provided with a source of nourishment. The difficulty in elucidating the relationships 
between birds and bumble bees in no way diminishes the importance of the questions, and 
further work is necessary.  
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Tables 
 
Table 2.1. Study Site Coordinates. For each site, the trial designation, coordinates for exact 
array location, and the physical area are given. Flight trials are lettered consecutively (A-G). 
Foraging trials using stakes are numbered consecutively with “S” as a prefix.  
Study Site Associated 
Trials 
GPS Coordinates Prairie Patch Area at 
Site (ha) 
Meadowbrook Park, Walker Grove H 40.076847 N, -
88.208042 W 
4.89 
Meadowbrook Park, Wandell 
Sculpture Gardens 
G 40.081018 N, -
88.204396 W 
6.0 
Phillips Tract, Bluegrass Prairie S2, S3 40.129307 N, -
88.145858 W 
1.57 
Phillips Tract, Power Line Corridor A, S1 40.129685 N, -
88.147727 W 
1.0  
Trelease Prairie, North D, F 40.135372 N, -
88.141555 W 
2.0  
Trelease Prairie, South B, C 40.129176 N, -
88.143383 W 
6.71  
 
Lake of the Woods, Buffalo Trace 
Prairie 
E 40.202648 N, -
88.396898 W 
2.98 
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Table 2.2. Results Summary. Results are summarized for each trial. The number of damaged 
and undamaged observations are given, as well as the total number of observations. P-values 
(Fisher’s Exact Test) are shown for each trial in which avian damage occurred, though no 
statistically significant trends were found (p = 0.05).  
Trial  Trial Location 
      Model Pattern 
Damaged Undamaged 
Total 
Observations 
P-value 
A Phillips Tract, Power Line Corridor   
      B. impatiens 0 17 17 N/A 
      Control Black 0 18 18 -- 
B Trelease Prairie, South     
      B. impatiens 0 10 10 N/A 
      Control Black 0 8 8 -- 
C Trelease Prairie, South     
      Yellow 0 16 16 N/A 
      Control Black 0 16 16 -- 
D Trelease Prairie, North 
      Yellow 2 130 132 1* 
      B. impatiens 1 131 132 1* 
      Control Black 1 131 132 -- 
E Lake of the Woods, Buffalo Trace 
      Yellow 0 60 60 1* 
      B. impatiens 3 57 60 0.2437* 
      Control Black 0 60 60 -- 
F Trelease Prairie, North     
      B. impatiens 0 76 76 N/A 
      Control Black 0 80 80 -- 
G Meadowbrook Park, Wandell Sculpture Gardens 
      B. impatiens 0 47 47 1* 
      Control Black 3 44 47 -- 
H Meadowbrook Park, Walker Grove  
      B. impatiens 0 53 53 N/A 
      Control Black 0 52 52 -- 
S1 Phillips Tract, Power 
Line Corridor 
    
      B. impatiens 0 16 16 N/A 
      Control Black 0 4 4 -- 
S2 Phillips Tract, Bluegrass Prairie 
      B. impatiens, white  1 10 11 0.5256* 
      B. impatiens, red  0 15 15 1* 
      Control Black 2 38 40 -- 
S3 Phillips Tract, Bluegrass Prairie    
      B. impatiens 0 32 32 1* 
      Control Black 1 31 32 -- 
*Denotes P-value not significant (α=0.05) 
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Figures 
 
Figure 2.1. Plasticine Bumble Bee Models. Representative black, B. impatiens, B. impatiens 
Red, and B. impatiens White color pattern models are shown alongside a penny for scale. b.) 
Yellow color pattern model shown with dropline and glass bead attached. c.) B. impatiens Red 
and White models shown with simulated wings attached.  
 
 
 
 
 
 
  
a. 
c. b. 
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Figure 2.2. Flight Simulation Model System. Flight arrays consisted of two PVC anchor poles 
suspending a 60 m transect line. At regular intervals, individual plasticine bumble bee models 
were suspended from 1 m drop lines.  
  
 
  
 28 
Figure 2.3. Foraging Bee Simulation System. To simulate bees foraging on vegetation, 
plasticine bumble bee models were attached to metal clips at the tips of 3 ft green garden stakes. 
The stakes were placed into the ground with the models at a height just above the surrounding 
vegetation.  
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CHAPTER 3: IDENTIFICATION OF AVIAN BUMBLE BEE PREDATORS THROUGH 
MOLECULAR ANALYSIS OF FECES 
 
Abstract 
Since the development of mimicry theory in the mid-nineteenth century, a substantial 
literature has accumulated establishing bumble bees as participants in both Müllerian and 
Batesian mimicry complexes. Mimicry theory in bumble bees stems from the presence of vibrant 
color patterns, close color pattern resemblances among geographically co-occurring bumble bee 
species, and a painful, defensive sting. Birds are hypothesized to be the predators most likely 
selecting for bumble bee color pattern convergence, due to their ability to catch bees in flight and 
their acute color vision. Despite the long-standing nature of this hypothesis, little empirical 
evidence exists to support it. In this study, I performed a direct test of the hypothesis that birds 
are major predators of bumble bees in the wild and identified some of the key bird species 
involved by detecting bumble bee (Bombus) remains in avian dietary samples. Bird banders 
located across the United States were recruited as collaborators in the collection of dietary 
samples from a broad selection of wild bird species. Samples were screened for the presence of 
bumble bee DNA using PCR and Sanger sequencing, and 17 of 26 bird species examined 
contained bumble bees. The data strongly suggest that birds are major predators of bumble bees. 
Further work is necessary to fully understand the impacts of various bird species on different 
bumble bee populations.  
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Introduction 
One of the earliest published accounts of similar appearances among animals can be 
found in Kirby and Spence’s Introduction to Entomology (1817). The authors noted that certain 
species of hover flies, which lay their eggs inside bumble bee colonies, closely resemble the 
bumble bees of these colonies. In 1862, Henry Bates published the first explanation of 
resemblances among organisms, incorporating Darwin’s theory of natural selection (1859). 
Based on his observations of Heliconius butterflies in South America, Bates postulated that some 
predators were able to recognize and avoid potential butterfly species that were known to be 
noxious (e.g. contained poisonous compounds). He reasoned that other undefended butterfly 
species would experience a selective advantage by resembling defended butterflies. This type of 
system has become known as Batesian mimicry.  In 1879 Fritz Müller published a variation on 
Bates’s theory in which multiple noxious species would experience increased fitness by 
converging on a shared appearance. In this system, now called Müllerian mimicry, the 
constituent species are all protected via a defense mechanism, but share the burden of teaching 
avoidance to predators—a lesson usually fatal for the individual insect. The mimicry theories of 
Bates and Müller have been employed over the last century to explain the resemblances both 
among (Reinig 1935) and between bumble bee species, as well as other insect groups 
(Gabritschevsky 1926).  
In 1912, McAtee expressed concern regarding the growing trend toward hypothesizing 
and accepting mimicry based on anthropomorphic judgements of similarity and distastefulness 
and on experiments with captive animals under artificial conditions. This warning has gone 
largely unheeded as regards mimicry theory in bumble bees. Despite limited evidence for birds 
as predators of bumble bees, even the recent more rigorous examinations of bumble bee color 
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pattern convergence do not question this assumption  (Stiles 1979; Owen & Plowright 1980, 
Plowright & Owen 1980; Williams 2007; Hines & Williams 2012). Many Batesian mimics of 
bumble bees have been—and continue to be—described based on the premise that bumble bee 
coloration confers a protective benefit (Gabritschevsky 1926; Linsley 1959; Conn 1972; Fisher 
& Tuckerman 1986; Nilssen et al. 2000; Edmunds & Reader 2012; Heinrich 2012). Yet these 
studies do not establish the identity of the predators responsible for the convergent evolution of 
bumble bee color patterns. If we take as axiomatic that bumble bees are defended against 
vertebrates by the presence of a sting (Judd 1899; Beard 1963; Starr 1985; Evans & Schmidt 
1990), and that their color patterns can serve as warning signals (Brower et al. 1960; Evans & 
Waldbauer 1982), it still remains to be established that predators in nature perceive, learn and 
avoid these signals. Without learned avoidance, avoidance that generalizes to putatively mimetic 
species exhibiting the same signal, no selective pressure is exerted and convergent co-mimicry is 
unlikely to arise. 
In those studies adopting a mimetic explanation for bumble bee color pattern 
convergence, insectivorous birds are hypothesized as the selective regime (Plowright & Owen 
1980, Williams 2007). The work of Evans and Waldbauer (1982), who demonstrated that caged 
Red-winged Blackbirds and Common Grackles would learn, avoid, and generalize bumble bee 
color patterns to mimetic flies of the family Syrphidae, is commonly cited as evidence that birds 
are predators of bumble bees and that bumble bee color patterns are protective. Although 
avoidance learning and generalization were demonstrated in their experiments, caution must be 
used when generalizing laboratory results to field conditions. For example, an animal’s state of 
hunger (Sandre et al. 2010) or the ambient temperature (Chatelain et al. 2013) can influence 
predator decisions about what comprises acceptable prey.  
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Excluding laboratory work, there is limited evidence that birds are bumble bee predators. 
Davies (1977), in his study of the foraging ecology of Spotted Flycatchers in Britain, identified 
Bombus in the birds’ diet. He also observed flycatchers rubbing and hitting captured bumble bees 
against their perches, presumably to remove the sting. Davies compared the abundance of 
Bombus in the feces of flycatchers with their apparent abundance in the gardens where the birds 
were foraging, and found bumble bees to be proportionally underrepresented in the birds’ diets, 
suggesting avoidance. Davies attributed this bias to the energy and time costs associated with the 
special handling required to consume bumble bees. This conclusion was further supported by the 
increased presence of Bombus in the birds’ diet during early morning and late evening when 
other large prey items were scarce and preference was outweighed by availability. The handing 
costs associated with Bombus appeared to make them an acceptable, but not ideal, source of 
food.  
F.E.L. Beal (1912) examined the diets of several American flycatcher species and found 
hard part remains of Bombus in the stomachs of the Eastern Kingbird (665 stomachs, 2 with 
Bombus), Great-crested Flycatcher (265 stomachs, 1 with Bombus), and Olive-sided Flycatcher 
(69 stomachs, 2 with Bombus). While recruiting collaborators for this study, I received anecdotal 
accounts of Olive-sided flycatchers taking bumble bees in the field, including one accompanied 
by a photograph (Fig. 3.1). Bryant, in his 1914 study of the diet of the Western Meadowlark, 
analyzed nearly 2000 stomachs and identified Bombus californicus as a dietary component. 
Because he had extreme difficulty identifying hymenopteran remains, little can be said of the 
importance of Bombus in the diet of Meadowlarks beyond its presence in at least one stomach 
sample. Bryant also identified the remains of honey bees, Apis mellifera, and members of the 
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family Mutilidae, suggesting that medium to large-sized aculeate Hymenoptera comprise part of 
the typical Western Meadowlark diet.  
In an analysis of 15,000 bird stomachs, S. Judd (1899), of the U.S. Dept. of Agriculture, 
identified the remains of Bombus or Xylocopa (carpenter bees) in the stomachs of several bird 
species, including Bluebirds, Blue Jays, Great-crested Flycatchers, and Olive-sided Flycatchers. 
That Judd was not able to discriminate the remains of carpenter bees from those of bumble bees 
is not surprising, considering the similar foraging ecology, coloration, body size, and defense 
system of these two groups; a bird that eats one might be expected to eat the other. The exact 
number of stomachs containing these hymenopteran remains was not reported, but presence 
alone provides a useful starting point for further investigations.  
While these studies are proof that birds can, and sometimes do, consume bumble bees, 
more evidence is needed to conclude that dozens of bumble bee mimicry rings involving 
hundreds of insect species are attributable to avian predation. Traditional dietary studies such as 
these typically involved careful examination of hard parts in feces or stomach contents. Such 
work was tedious and difficult (Hartley 1948), which partially explains why so few accounts of 
bumble bees, specifically, can be found in the copious literature on avian diets. Indeed, in a 
literature search of avian dietary analyses, seldom were insects identified beyond the taxonomic 
level of Order. Modern dietary analyses, including those involving birds, increasingly rely on 
molecular methods for tissue identification (e.g. Deagle et al. 2007, Posłuszny et al. 2007). 
Screening samples with PCR and DNA sequencing allows many samples to be analyzed more 
quickly and with greater accuracy than traditional hard-part analyses (Casper et al. 2007). In this 
study I used PCR and DNA sequencing to screen fecal samples from wild birds for the presence 
of bumble bee DNA in an effort to provide direct evidence for the hypothesis that birds are major 
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predators of bumble bees, and to identify which bird species, if any, are involved. Samples from 
wild birds were obtained by leveraging the existing bird banding network in the United States.  
 
Materials and Methods 
Recruitment of Collaborators 
During the fall of 2013 and the spring of 2014, I solicited participants to assist in this 
study by contacting bird banders and researchers through the Eastern, Western, and Inland Bird 
Banding Associations. Collection kits were sent to banders willing to collect fecal samples as 
part of their banding efforts. The kits included 1.5 mL microcentrifuge tubes pre-filled with 0.5 
ml of 95% ethanol for sample collection, an alcohol-fast marking pen, and a copy of the 
collection protocol. The collection kit also included Parafilm strips (Bemis NA), a sealable 
plastic bag bearing the universal biohazard indicator (Ziplock, Johnson & Sons Inc.), and a 
collapsed Priority Mail “small box” with a pre-paid label for returning samples to the University 
of Illinois for analysis.  
 In all, 23 bird banders confirmed their intent to participate and were sent collection 
materials. Of those, 17 sent collected samples to the lab for analysis (Table 3.1). One 
collaborator declined to provide collection data on his samples, which were therefore excluded 
from the study. Two other contributors’ samples did not represent any of the species species 
selected for screening. Of the 17 total collaborators, 14 contributed samples from species 
selected for analysis in this study. 
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Sample Collection 
During the course of bird banding operations, banders typically use broad nets of fine 
black nylon mesh, called mist nets, to capture birds (Sutherland et al. 2004). They will set up the 
nets, then retreat from the area to avoid scaring away potential catches. Upon returning to the 
nets, it is not uncommon for multiple birds to have become ensnared. To minimize the time a 
bird remains tangled, banders initially remove and transfer all birds from the net to dark cloth 
bags for holding. The darkness of the bags typically calms the birds and minimizes struggling. 
One at a time, birds are removed from their bags, measured, sampled, banded, and released.  
 Feces represent an ideal choice for sourcing dietary DNA for this study. Although more 
traditional stomach content analyses can yield less digested and higher quality DNA relative to 
feces, obtaining stomach content samples—typically through dissection, emetic-induced 
vomiting, or saline stomach flushing—is much more invasive for birds (Wilson 1984; Major 
1990; Poulin et al. 1994). Collecting feces, on the other hand, carries none of these risks, as 
many birds defecate during or just before the banding process. The feces—normally discarded—
were collected by collaborators for later molecular screening. By obtaining dietary samples non-
invasively during banding, no Internal Animal Care and Use Committee (IACUC) approval or 
Migratory Bird Act Treaty permits were required (verified by IACUC and US Fish & Wildlife, 
personal communication).  
Collaborators used the provided ethanol-filled tubes to collect feces from their bird bags; 
ethanol has been shown to be as effective as freezing for the preservation of feces for DNA 
analysis (Oehm et al. 2011). The need to prevent cross-contamination was emphasized, and 
banders were provided with guidance on avoiding this problem while collecting. Techniques 
include using a new bird bag for each animal, washing the bags between birds, and using 
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disposable paper bags. Collected samples were stored in a refrigerator or freezer until they could 
be shipped back to the University of Illinois.  
 
Sample Prioritization and DNA Extraction 
Seventeen collaborators participated in the study, together collecting 1,652 dietary 
samples (Table 3.2). Samples were prioritized for screening based on knowledge of the bird 
species’ natural history obtained from the Birds of North America Online database (Rodewald 
2015) and from Dr. Mike Ward at the University of Illinois. Factors considered in this 
determination were being insectivorous, diurnally active, and large enough to handle bumble 
bees. Based on these criteria, I chose 26 of a total of 88 represented bird species for screening 
(Table 3.3).  
I homogenized each fecal sample with a sterile micropestle then centrifuged the sample 
for 10 min at 16.1 rcf to pellet the digested remains. I discarded the ethanol supernatant and re-
suspended the samples in 0.9 mL of a solution comprising 15% Chelex-100 resin (BioRad, Inc.) 
in molecular grade water. I added 15 μL of 800 u/mL Proteinase K (NE Biolabs, Inc.) to each 
tube. Wooden applicators (Best Choice, Associated Wholesale Grocers, Inc.), sterilized by 
autoclave, were used to break up pelleted remains, followed by vortexing 5-10 s to thoroughly 
re-suspend. Samples were incubated overnight at 55 ºC to allow the enzyme to denature 
nucleases and inhibitors, break down remaining tissues, and lyse any intact cells. The following 
day, I incubated the Proteinase K-digested samples at 75 ºC for 30 min to inactivate any 
remaining enzyme, and stored them at -20 ºC.  
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Dilution 
Fecal samples present unique challenges for DNA detection due to reduced template 
concentrations as a result of the digestive process and the presence of PCR inhibitors in the 
samples (Deuter et al. 1995). I found that very few DNA extractions would amplify, even spiked 
with high quality Bombus impatiens DNA, when added to a 20 uL PCR reaction. To achieve 
amplification, I found dilutions of 10-1000 times to be required. To reconcile the antagonistic 
challenges of maximizing template concentrations while minimizing inhibitor concentrations, I 
used a range of dilution factors. To begin, I performed several serial dilutions of avian fecal 
extracts to which Bombus DNA (extracted from a fresh B. impatiens specimen using the same 
Chelex protocol used for fecal samples) was added, and determined that a dilution factor of 
1:128 allowed a majority of samples to amplify. I therefore chose this dilution factor as the 
common starting concentration for this study. Chelex DNA extractions of all samples were 
diluted 1:128 in molecular grade water. One microliter of diluted extract was subjected to PCR 
targeting bumble bee COI and visualized via gel electrophoresis. The presence of primer-dimer 
but no target band indicated that dilute inhibitors did not prevent the PCR from proceeding, but 
failure to detect target DNA. This prompted a repeat of the PCR at a 1:64 dilution factor, thus 
doubling the available number of DNA template strands. Conversely, if no primer-dimer or 
target band was observed at 1:128 dilution, then inhibitor concentrations were further lowered by 
diluting the extraction to a factor of 1:256. This protocol uses a simple but versatile dilution 
scheme to facilitate the analysis of hundreds of samples and PCR runs.  
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Primer Design and PCR 
  To screen for the presence of bumble bee tissue in avian feces, I selected the cytochrome 
oxidase I (COI) gene. As a mitochondrial gene, COI is present in higher copy number than 
nuclear genes, maximizing the chance that intact fragments survived the digestion process. 
Additionally, COI has become established as the primary species barcoding gene, meaning COI 
sequences are available for many species and taxa, facilitating primer specificity checks and 
successful recognition of any recovered sequences.   
To make PCR and electrophoresis diagnostic for the presence of bumble bees, I designed 
primers to be as specific as possible yet general enough for all ~50 North American bumble bee 
species. Representative COI sequences were obtained from the Nucleotide database (NCBI 
2015a) for all available North American bumble bee species (Table 3.4). To simplify the primer 
design process, I excluded bumble bee species thought to be extinct or extremely rare, and for 
which only poor quality sequence data were available. I aligned the sequences using Muscle 
(EMBL-EBI 2015) and designed COI primers manually in BioEdit (Hall 1999). Unsurprisingly, 
digestion degrades prey DNA and targeting small fragments of genes, rather than larger 
fragments, has been demonstrated to increase detection success (Hajibabaei 2006). Accordingly, 
I designed primers to target a short 209 bp section of the bumble bee COI gene (Table 3.5). I 
verified primer specificity using Primer-BLAST (NCBI 2015b), which indicated a high degree of 
affinity for Bombus (no or few bp mismatches) and excluded non-Bombus alternative targets. 
These Bombus-specific primers were obtained from Integrated DNA Technologies (IDT Inc.). 
I performed PCR to screen all samples for the presence of bumble bee DNA. Twenty 
microliter reaction volumes were used, containing 1 unit of Go Taq Flexi Polymerase (Promega), 
1x Go Taq Flexi Buffer, 3.5 mM MgCl2, 0.4 uM dNTPs (NE Biolabs), and 1 uM of each primer 
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(IDT Inc.). Template for the initial screening was 1 uL of Chelex extract diluted 1:128 in 
molecular grade water. If bands were not detected, I performed subsequent amplifications using 
the appropriate dilution factor as described in the dilution section above. 
 
Sequencing 
Despite a high level of confidence in the presence of an approximately 200 bp PCR 
product to confirm the presence of Bombus DNA, I sequenced all PCR reactions with an 
electrophoresis band to confirm the specificity of the assay. PCR products were purified by 
adding 0.2 uL of Exonuclease I (NE Biolabs), 0.2 uL of Shrimp Alkaline Phosphatase (NE 
Biolabs), and 2 uL of water to each PCR reaction. Purification mixtures were incubated at 37 ºC 
for 30 min, then 80 ºC for 15 min.  
 Sequencing was performed using the BigDye Terminator Cycle Sequencing Kit v3.1 
(Life Technologies). Sequencing reactions included 5 uL of water, 2 uL of buffer, 1 uL of 
primer, 0.5 uL of enzyme, and 1.5 uL of purified template, amplified according to 
manufacturer’s temperature recommendations. Forward and reverse sequencing reactions were 
performed for each sample, using the BB-set7-F/R primer set designed for PCR (Table 3.5). 
Reaction products were submitted to the University of Illinois Roy J. Carver Biotechnology 
Center for purification and visualization. I assembled and edited the sequences in Geneious 
v8.1.5 (Biomatters Ltd.), and queried consensus sequences using the Standard Nucleotide 
BLAST tool (NCBI 2015c). In the event that one of the forward or reverse reactions failed, I 
edited and queried the successful sequence alone. If the sequence from two opposing reactions 
did not assemble or if I determined manually that the assemblies were poor, I queried forward 
and reverse reactions individually. 
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Analysis 
Avian species yielding sequences matching Bombus COI sequences in the NCBI 
Nucleotide database (NCBI 2015c) were considered to confirm bumble bee predation events. 
The ratio of samples yielding bumble bee gene sequences to total samples screened by PCR was 
calculated for each bird species and 95% confidence intervals were calculated using the 
VasserStats online proportion confidence interval tool (Lowry 2015). I obtained estimates of US 
population sizes for each bird species from the Partners in Flight database (Partners in Flight 
2013) and used them to calculate estimates of bumble bee predation in wild bird populations. 
Geographical distributions and migration data for each species were retrieved from Birds of 
North America Online (Rodewald 2015).  
 To examine the effects of bird age on bumble bee predation frequency, I used a Chi-
Square test of association. Based on age data provided by collaborating banders, samples were 
assigned to “hatch year” and “after hatch year” age groups. Hatch year birds are those caught in 
their first year of life. For the purposes of this analysis, the hatch year group also included birds 
identified at banding with the “L” or “local” age code, a classification given to hatch year birds 
before they master sustained flight. The after hatch year group comprised all age classes older 
than hatch year. Only samples from aged birds were used in the age analysis. Samples yielding 
bumble bee sequences were considered to be predation events. Samples that were PCR-screened 
but yielded no bands, or bands but no sequences. were considered to be instances of non-
predation. Membership in either group was cross-tabulated with the presence of bumble bee COI 
sequences as an indicator of predation in Minitab 17.  
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Results 
Of the 1,652 fecal samples collected, 473 were identified as being from 26 bird species 
likely to prey on bumble bees. Of these 473 samples, 104 yielded electrophoresis bands at 
approximately 209 bp and were designated tentatively positive for bumble bee DNA. Of the 205 
samples re-amplified at a dilution factor of 1:64 and the 52 re-amplified at 1:256, 32 and 2 
yielded electrophoresis bands, respectively. An additional 112 of the samples negative at the 
1:128 dilution factor presented extremely weak primer-dimer, indicating that the use of higher 
concentrations of extract would likely fail due to inhibition. These reactions were considered 
negative for predation without amplification at alternative dilution factors. Overall, 137 samples 
were sequenced, with one excluded due to the presence of multiple non-specific electrophoresis 
bands. Of the 137 specimens sequenced, 114 yielded sequences matching bumble bee COI 
sequences in the Nucleotide database (Table 3.6). Of the 23 that did not yield bumble bee 
sequences, 19 reactions failed to yield viable sequences, and four samples returned non-bumble 
bee sequence matches (i.e. mayfly, beetle, Lepidoptera, and algae [Table 3.7]), suggesting that 
my detection primers are imperfectly specific, and that a conservative approach to identifying 
bumble bee predators should be based only on the sequence data, not the PCR and 
electrophoresis results alone.  
Seventeen bird species were identified as bumble bee predators based on bumble bee 
DNA obtained from fecal samples including the American Robin, Cedar Waxwing, Northern 
Flicker, Gray Catbird, Yellow-billed Cuckoo, Blue Jay, Brown Thrasher, Eastern Bluebird, 
Eastern Phoebe, White-eyed Vireo, Red-eyed Vireo, Scarlet Tanager, Phainopepla, Western 
Bluebird, Baltimore Oriole, and Wood Thrush (Table 3.8). With the exception of the Florida 
Scrub-jay, which has a small population and restricted geographic distribution (Woolfenden & 
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Fitzpatrick 1996), these bird species have wide distributions across the United States during the 
summer months when bumble bees are active; their wild populations range in size from 
approximately one million (Phainopepla) to more than 150 million (American Robin) (Rodewald 
2015) (Table 3.8).  
The predator with the largest number of samples was the Gray Catbird (n=229), which 
was targeted for a species-level examination of the effect of age on bumble bee predation. I 
found that hatch year birds were significantly associated with lower bumble bee predation 
frequencies, X2 (1, N = 229) = 9.461, p = 0.002 (Table 3.9). This trend is robust when expanded 
to include all of the predator species identified, X2 (1, N = 424) = 15.700, p < 0.000 (Table 3.10).  
 
Discussion 
  I investigated the hypothesis that birds are predators of bumble bees by identifying 
bumble bee remains in dietary samples from wild birds. This study is distinguished from past 
work by its targeted molecular approach for detecting bumble bee remains and its broad 
consideration of multiple bird species. I identified the remains of bumble bees in 114 individual 
birds representing 17 species with generally large populations and geographical distributions. 
Conservative estimates of the prevalence of bumble bee predation indicate that birds are eating a 
large number of bumble bees, and are consequently capable of exerting powerful selective 
forces. Hence, the question of whether birds are predators of bumble bees is clearly answered in 
the affirmative, however, evidence for avoidance learning remains elusive. My data suggest that 
bird-bumble bee interactions may not follow general patterns (e.g. most birds find bumble bees 
distasteful and avoid them), and that multiple investigations targeted to specific bird species are 
necessary to fully understand the role of birds in the evolution of bumble bee mimicry rings.  
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By extrapolating the lower limits of each predation confidence interval to wild 
populations (a conservative approach), the representative sample found to have consumed 
bumble bees in this study translates to at least 27,486,332 bumble bee-eating birds in wild 
populations in the United States (Table 3.8). With the exception of the Florida Scrub-jay, these 
birds all have broad distributions, suggesting a strong potential influence on the United States 
bumble bee fauna. The American Robin (Vanderhoff et al 2014), Cedar Waxwing (Witmer et al. 
2014), Northern Flicker (Weibe et al. 2008), and Gray Catbird (Smith et al. 2011) can be found 
across the contiguous United States during the summer, while the Baltimore Oriole (Rising & 
Flood 1998), Yellow-billed Cuckoo (Hughes 2015), Blue Jay (Smith et al. 2013), Brown 
Thrasher (Cavitt & Haas 2014), Eastern Bluebird (Gowaty & Plissner 2015), Eastern Phoebe 
(Weeks 2011), Red-eyed Vireo (Cimprich et al. 2000), and White-eyed Vireo (Hopp et al. 1995) 
can be found across the eastern United States during this same time. The Scarlet Tanager 
(Mowbray 1999) and Wood Thrush (Evans et al. 2011) range through eastern North America; 
while the Phainopepla (Chu & Walsberg 1999) and Western Bluebird (Guinan et al. 2008), 
inhabit southwest North America. Assuming that each of these projected twenty-seven million 
wild birds consumes an average of one bumble bee each day across this range while bumble bees 
are active, this number represents an ecologically significant source of worker losses for the 
relatively small colonies of bumble bees. To add some perspective, (Cnaani et al. 2002) found 
domesticated B. impatiens colonies produce an average of 375 workers over their course of their 
annual lifecycle. Even with my conservative estimate of the frequency of avian predation, birds 
are clearly able to exert extensive losses and strong evolutionary forces on bumble bee colonies.  
A limitation of my data is that due to small sample sizes, the 95% confidence intervals of the 
frequency of bumble bee predation in wild populations is wide for some birds (e.g. the Northern 
 48 
Flicker ~5-100%) (Table 3.8). Using the lower bounds for all confidence intervals, however, 
makes my conclusions conservative; the true effects of bird predation on bumble bees are likely 
much greater. 
Laboratory studies have shown that birds and other animals can learn to recognize and 
avoid bumble bees (Brower et al. 1960, Evans & Waldbauer 1982). However, concerns for 
generalizing animals’ behavior in the laboratory have already been discussed, and data from field 
situations are necessary to confirm that birds demonstrate avoidance learning with regard to 
bumble bees. Some may argue that the presence of bumble bees in the digestive tracts of birds is, 
in fact, evidence that avoidance is not occurring. This conclusion is unjustified, however, as 
multiple studies of avoidance behavior have demonstrated that avoidance learning is not 100% 
effective (Brower et al. 1960, Evans & Waldbauer 1982, Beatty et al. 2004, Rowe et al. 2004, 
Svádová et a. 2009). To investigate whether my data indicate avoidance learning, I considered 
samples from Gray Catbirds, the most abundant bird species in my collection. I expected to find 
bumble bee tissue more often in birds in their first year of life (hatch year) than in older birds 
(after hatch year). Rather, I found the opposite trend—that significantly more of the older birds 
were eating bumble bees. It is possible that birds are generally driving Müllerian mimicry in 
bumble bees and that Gray Catbirds are an exception to this pattern. The same trend—that of 
younger birds consuming fewer bumble bees—is statistically significant when data from all 
predatory species are aggregated, however. Based on these findings it may be that the protective 
benefit of bumble bee color patterns applies to a relatively small, though evolutionarily 
significant, number of bird species and that these effects are masked by considering bird age 
aggregated across many species. It is also possible that my results are confounded by sampling 
bias due to banding in the early morning, the most common time for banders to work. Bumble 
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bees’ ability to thermoregulate allows them to forage in the cool morning air before many other 
insects (Corbet et al. 1993). In one of the few accounts of birds hunting bumble bees, Davies 
(1977) found bumble bees to be hunted preferentially by birds in the early morning, but under-
consumed later in the day as alternative prey became available. Such behavior may be 
widespread among birds, with experienced older birds more willing and better able to safely 
handle bumble bee prey (e.g. Davies 1977). While my data show that birds are eating large 
numbers of bees and are capable of exerting significant evolutionary forces on bumble bee 
populations, more work targeting specific predator species is needed to clearly understand the 
interactions between bumble bees and these birds.   
 I used primers designed to target North American bumble bee species generally, however 
a review of the sequences obtained (Table 3.7) indicates that 97% (111 of 115) of all bumble bee 
sequence matches were to Bombus impatiens. This was unexpected, but there are numerous 
possible explanations. B. impatiens is a relatively common bumble bee throughout much of its 
range. In addition, B. impatiens is relatively small for a bumble bee, making it easier to handle 
for smaller bird species thus a more appealing target relative to other bumble bees that may be 
present. Finally, it may be that although the detection primers were designed to be general to 
North American bumble bee species, they are most effective at targeting B. impatiens DNA. 
Indeed, Nucleotide Primer-BLAST identified B. impatiens as the closest match to the detection 
primers. As I am interested only in the presence of Bombus spp. generally, this specificity bias is 
of little note beyond its effect of narrowing the effective scope of the diagnostic screen and 
making my results more conservative.  
B. impatiens is a very common bumble bee with a wide geographical range, however nine 
avian samples yielding B. impatiens sequences are from the western state of California, outside 
 50 
the traditional range of this bumble bee (Table 3.11). Although historically endemic to eastern 
North America (Williams 2014), B. impatiens has been collected from locations across the 
western states in the past 15 years (Discover Life 2015). The spread of B. impatiens to these new 
states is likely due to the commercialization of bumble bees for greenhouse pollination. The use 
of B. impatiens for agriculture in the western states began in 2003 following the collapse of the 
western native B. occidentallis formerly used for this purpose (Flanders et al. 2003). Bumble 
bees are notorious for escaping from supposedly sealed greenhouses (Colla et al. 2006, Winter et 
al. 2006, Kraus et al. 2010), and my finding of B. impatiens tissue in the diets of western birds 
lend support to claims that escaped B. impatiens are establishing populations in the western 
states.  
 More interesting than the appearance of B. impatiens in western birds, is the appearance 
of bumble bees from Mexico and Central America in samples collected in the United States. In 
all, four samples yielded sequences of this type. Samples from two Western Bluebirds (b664, 
b665) and one Cedar Waxwing (b362) were matched to Nucleotide sequences for B. ephippiatus, 
a bee native to Mexico and Central America but not North America (Discover Life 2015). 
Western Bluebirds have a complex distribution that includes parts of Central America, Mexico, 
and the American southwest (Guinan et al. 2008). It is possible that the B. ephippaitus DNA I 
detected in southern California birds resulted from intercepting birds moving north from Mexico 
after taking a meal. The case of the Cedar Waxwing (b362) is similar. Cedar Waxwings can be 
found in the throughout the continental US year-round. Some do migrate, however, as far south 
as Central America (Witmer et al. 2014). The sample in question was collected in Pennsylvania 
in late June, 2014 (Table 3.11.), coinciding with the end of the species’ spring migration. This 
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Cedar Waxwing likely retained B. ephippiatus DNA in its gut from a meal taken before leaving 
its wintering grounds in Mexico or Central America.  
The final case involves the identification of B. morio, a South and Central American bee, 
in the gut of a Gray Catbird from New Jersey (Table 3.11). Gray Catbirds spend summers in the 
Eastern and Midwestern United States, and winters on the east coast of Mexico and Central 
America (Smith et al. 2011). I propose two hypotheses to explain the presence of B. morio tissue 
in this sample. First, the presence B. morio tissue in Gray Catbird samples is consistent with a 
spring migrant having consumed such a bumble bee before beginning migration, as in the cases 
of B. ephippiatus above. The second hypothesis is that the detected Bombus sequence is actually 
from another bumble bee closely related to B. morio, such as the eastern US native Bombus 
pensylvanicus. Both of these bumble bee species are in the subgenus Thoracobombus, and have 
COI sequences with a high degree of similarity. The B. morio sequence identified by Nucleotide 
as the best match to sample b637 (Nucleotide Accession No. KC853371.1) shares 92% identity 
with the B. pensylvanicus sequence KC853361.1 (NCBI 2015c). Further, the quality of the 
sequence obtained from sample b637 was poor (Table 3.7) and may be mismatched due to 
degradation of the sample DNA. These three or four cases together provide evidence that some 
birds may consume bumble bee species on both sides of their migratory routes. If birds are 
driving convergent evolution of color patterns in bumble bees through learned avoidance, then 
the migratory routes of birds likely have implications for the evolution of such systems. For 
instance, bumble bee patterns on both sides of such routes may be more similar than otherwise 
expected to facilitate recall in a seasonally-present predator. More research needs to be done in 
this area.  
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 My results provide data on avian bumble bee predation based on the feeding behavior of 
wild birds. These 17 bird species should not be taken as an exhaustive list of bumble bee 
predators, as many bird species were not represented in the collection due to rarity, incompatible 
trapping strategies, and sampling bias. Many represented species comprised small sample sizes 
for these same reasons, and systemic error may have obscured bumble bee predation in these 
species. Further, the degraded nature of fecal DNA means that detection of specific DNA, even 
when present, is not 100% effective, and even bird species that regularly prey on bumble bees 
are unlikely to perpetually contain bumble bee tissue in their intestines. Another limitation of this 
study stems from the use of volunteer collaborators who participated without modifying their 
existing bird handling protocols. As a result, sample collection lacked systematic structure with 
regard to collection times or the age and species of targeted birds. The effectiveness of these 
methods is demonstrated by the identification of bumble bee remains in samples taken from 
these 17 bird species, however this approach confers limits on the interpretation of the data.  
Overall, my list of bumble bee predators supports the hypothesis that birds are major 
predators of bumble bees. Taking wild population sizes and distributions into account, birds are 
capable of exerting the selective forces necessary to drive convergent evolution of bumble bee 
color patterns and the evolution of mimicry rings, although strong tests of this hypothesis have 
not been undertaken. Dietary studies may now be performed targeting each predator species 
individually, and by concentrating collection efforts on individual predator species, systematic 
collection of robust sample sizes can be performed. These types of studies will determine the 
significance of bumble bees in the diets of specific bird species and elucidate the nuances of the 
predator-prey relationships involved, such as the impacts of bird age, time of day, and migration 
patterns. This study, targeting bumble bees specifically, yielded 114 instances of predation 
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across 17 bird species and, when taken together with the earlier accounts of bumble bees in bird 
diets by Beal, Judd, Davies, and Bryant (discussed above), comprises a significant body of 
evidence supporting the hypothesis that birds are major predators of bumble bees, capable of 
driving mimetic evolution.  
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Tables 
 
Table 3.1. Contributing Collaborators. Listed are the names of the collaborators for this study, as well as their institutional 
affiliations and their collection localities. Collaborator ID numbers are also given. These unique numbers were used to link samples to 
their contributors.  
Collaborator Name Collaborator I.D. No. Affiliated Facility/Station Locality 
Nicole Wells AK-NW3 Tetlin National Wildlife Refuge Tok, AK 
Auriel Fornier AR-AF1* University of Arkansas Fayetteville, AR 
Walt Sakai CA-WS1 Santa Monica College Santa Monica, CA 
Christine Roy IL-CR1 University of Illinois at U-C Urbana, IL 
Brenda Keith MI-BK2 Pitsfield Banding Station Pitsfield, MI 
Julie Craves MI-JC5 Prairie Oaks Ecological Field Station Ann Arbor, MI 
Kathy Winnett-Murray MI-KW3 Hope College, Dept of Biology Holland, MI 
Keith Jensen NC-KJ1 NC Museum of Natural History Raleigh, NC 
Hannah Suthers NJ-HS1 Featherbed Lane Banding Station Hopewell, NJ 
Mara Weisenberger NM-MW1* San Andres Nat Wildlife Refuge Las Cruces, NM 
Peter Gradoni NY-PG1 N/A Alfred, NY 
Luke DeGroot PA-LD2 Powdermill Nature Reserve  Rector, PA 
Nick Kerlin PA-NK1 Penn State Arboretum State College, PA 
Thomas Greg PA-TG3* N/A Jamison, PA 
Tim Kita PA-TK4 Pool Wildlife Center Nazarthe, PA 
Stephen Furguson TN-SF1 University of  Memphis Memphis, TN 
Jeanette Kelly WI-JK1 Beaver Creek Reserve  Fall Creek, WI 
* Denotes contributor whose samples did not include species assayed for bumble bee predation 
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Table 3.2. Fecal Collection Totals By Species and Collecting Collaborator. Shown are the total number of samples from each bird 
species by Collaborator ID number. All collected samples are included in this table. Table 3.1 gives directory information for each ID 
number.  
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Species Total 
Agelaius phoeniceus    1 9       1      11 
Ammodramus savannarum                 1 1 
Amphispiza bilineata   1               1 
Aphelocoma coerulescens                4  4 
Archilochus colubris              9    9 
Baeolophus bicolor 1    8    13   2 1  5  1 31 
Bombycilla cedrorum     17 6      20   2   45 
Cardellina canadensis            3   1   4 
Cardellina pusilla 4  1  1     1   1     8 
Cardinalis cardinalis     10 3  6 7   6 4  1  1 38 
Catharus fuscescens     7    4   6      17 
Catharus guttatus   14  1    4 4  2 2  2   29 
Catharus minimus 6   1      2  1 1     11 
Catharus ustulatus 17   3 9 1   2      10   42 
Chamaea fasciata   11               11 
Coccyzus americanus     1             1 
Coccyzus erythropthalmus            1      1 
Colaptes auratus     1             1 
Contopus sordidulus          1        1 
Contopus virens     1    2         3 
Cyanocitta cristata     1    6  7  3     17 
Dumetella carolinensis    2 47 9 1 1 61   53 29  23  6 232 
Empidonax alnorum/traillii     5       1     2 8 
Empidonax difficilis   6               6 
Empidonax flavescens         1    1  1   3 
Empidonax flaviventris 1           3      4 
Empidonax minimus    1 1     1  3 1     7 
Empidonax traillii         1         1 
Empidonax virescens 2   1     1   6      10 
Empidonax wrightii   2               2 
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Table 3.2 (cont.)                   
Geothlypis formosa            1      1 
Geothlypis philadelphia       1           1 
Geothlypis trichas   3  29   2 6 1  25   4  9 79 
Haemorhous mexicanus   30  2        11  1  1 45 
Haemorhous purpureus   1      2   3     1 7 
Hylocichla mustelina     3    11   11 2     27 
Icteria virens        1          1 
Icterus galbula   1  5       1     2 9 
Junco h. hyemalis 3    2    3         8 
Junco h. oregonus   6               6 
Melanerpes carolinus     1       1      2 
Melospiza georgiana     6    1   1      8 
Melospiza lincolnii    1 1     1   1     4 
Melospiza melodia   3 1 17 1  1    22 1    16 62 
Mimus polyglottos        1          1 
Mniotilta varia     1    7   4   1   13 
Myiarchus cinerascens   1               1 
Oreothlypis celata 3  2               5 
Oreothlypis peregrina     6 1    1   1  1  1 11 
Oreothlypis ruficapilla     7    1         8 
Parkesia motacilla    1        9      10 
Parkesia noveboracensis 1   1      1        3 
Passer domesticus             4     4 
Passerella iliaca 2  3               5 
Passerina caerulea        1          1 
Passerina cyanea    2 7 6      3     1 19 
Phainopepla nitens   1               1 
Pheucticus ludovicianus     5    3   7 1    3 19 
Pheucticus melanocephalus   2               2 
Picoides pubescens     10 1  1 12   3 1  2  1 31 
Picoides villosus         1   1      2 
Pipilo erythrophthalmus     1 1   2    4    5 13 
Piranga ludoviciana   1               1 
Piranga olivacea         1   8      9 
Poecile atricapillus   5 2 17 1   2   5 5    7 44 
Poecile carolinensis   4      3      1   8 
Poecile gambeli   4               4 
Pooecetes gramineus                 1 1 
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Table 3.2 (cont.)                   
Porzana carolina  5                5 
Quiscalus quiscula 1    1        1     3 
Regulus calendula   1  4    3    3     11 
Regulus satrapa     1    3         4 
Riranga rubra          1        1 
Sayornis phoebe     3 1   1   14 1  1   21 
Seiurus aurocapilla     4 1   19   13 2  9  5 53 
Setophaga americana            2      2 
Setophaga caerulescens     1          3   4 
Setophaga cerulea     4       1      5 
Setophaga citrina     1       23 2     26 
Setophaga coronata auduboni   26       2        28 
Setophaga coronata coronata 5   2 5    2      1   15 
Setophaga magnolia     6    5 1  2 4  11   29 
Setophaga palmarum palmarum     1             1 
Setophaga pensylvanica     2       2 1  1  1 7 
Setophaga petechia 1  7  18       12     1 39 
Setophaga ruticilla    1 8 1   1   27 5  3   46 
Setophaga striata 2    1             3 
Sialia mexicana   18               18 
Sialia sialis       5           5 
Sitta carolinensis     1    3      2   6 
Spinus pinus          1        1 
Spinus psaltria   5       1        6 
Spinus tristis    1 21  1     3 4  1  6 37 
Spizella arborea     10             10 
Spizella passerina     2    2 8  3 9    5 29 
Spizella pusilla     4   1    1      6 
Thryothorus ludovicianus         3    2     5 
Toxostoma redivivum   2               2 
Toxostoma rufum    1    1     2     4 
Troglodytes aedon     1 4 4  6   3      18 
Troglodytes hiemalis            1      1 
Turdus migratorius 1   4 10 8  1 2   2 2  8   38 
Vermivora chrysoptera                 4 4 
Vermivora cyanoptera     5    3        1 9 
Vireo gilvus   1  1             2 
 58 
Table 3.2 (cont.)                   
Vireo griseus            1      1 
Vireo olivaceus     2    3   19   2   26 
Zonotrichia albicollis     16 2  1 4    3     26 
Zonotrichia atricapilla   7               7 
Zonotrichia l. gambelii 4  43               47 
Zonotrichia l. leucophrys     1             1 
Zonotrichia l. pugetensis   1               1 
Zonotrichia leucophrys             1     1 
Collaborator Total: 54 5 213 26 374 47 12 18 217 27 7 342 117 9 98 4 82 1652 
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Table 3.3. Predator Candidate Fecal Samples by Species and Collecting Collaborator. Shown are the total number of samples 
from each probable predatory bird species by Collaborator ID number. Table 3.1 gives directory information for each CollaboratorID.  
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Species Total 
Aphelocoma coerulescens Florida Scrub-Jay             4  4 
Bombycilla cedrorum Cedar Waxwing     17 6    20  2   45 
Coccyzus americanus Yellow-billed Cuckoo     1          1 
Coccyzus erythropthalmus Black-billed Cuckoo          1     1 
Colaptes auratus Northern Flicker     1          1 
Contopus virens Eastern Wood-Pewee   2  1          3 
Cyanocitta cristata Blue Jay   6  1    7  3    17 
Dumetella carolinensis Gray Catbird   61 2 47 9 1 1  53 29 23  6 232 
Hylocichla mustelina Wood Thrush   11  3     11 2    27 
Icteria virens Yellow-breasted Chat        1       1 
Icterus galbula Baltimore Oriole  1   5     1    2 9 
Mimus polyglottos Northern Mockingbird        1       1 
Myiarchus cinerascens Ash-throated Flycatcher  1             1 
Passerina caerulea Blue Grosbeak        1       1 
Phainopepla nitens Phainopepla  1             1 
Piranga ludoviciana Western Tanager  1             1 
Piranga olivacea Scarlet Tanager   1       8     9 
Quiscalus quiscula Common Grackle 1    1      1    3 
Sayornis phoebe Eastern Phoebe   1  3 1    14 1 1   21 
Sialia mexicana Western Bluebird  18             18 
Sialia sialis Eastern Bluebird       5        5 
Toxostoma redivivum California Thrasher  1             1 
Toxostoma rufum Brown Thrasher    1    1   2    4 
Turdus migratorius American Robin 1  2 4 10 8  1  2 2 8   38 
Vireo griseus White-eyed Vireo          1     1 
Vireo olivaceus Red-eyed Vireo   3  2     19  2   26 
  Collaborator Total: 2 23 87 7 92 24 6 6 7 130 40 36 4 8 472 
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Table 3.4. Primer Design Targets. Shown are the bumble bee COI sequences used to design 
primers for the PCR screen. Nucleotide (NCBI) accession numbers corresponding species are 
listed. Sequences were not available for all North American species and some species were 
excluded due to the availability of only low quality sequences or rarity in the wild.   
Accession Number Species 
GU707738  Bombus affinis 
FJ582101  Bombus ashtoni 
AY181097  Bombus balteatus 
AF084915  Bombus bifarius 
FJ582104  Bombus borealis 
FJ582109  Bombus citrinus 
FJ582115  Bombus fernaldae 
FJ582118  Bombus fervidus 
JX830840  Bombus flavifrons 
AY694097  Bombus franklini 
JX828535  Bombus frigidus 
JN400357  Bombus huntii voucher 
FJ582124  Bombus impatiens 
FJ582127  Bombus insularis 
JX833272 Bombus mixtus 
AF066990  Bombus nevadensis 
JQ692962  Bombus occidentalis 
KC853361  Bombus pensylvanicus 
FJ582128  Bombus perplexus 
FJ582134  Bombus rufocinctus 
FJ582137 Bombus sandersoni 
JX828507 Bombus sylvicola  
FJ582148  Bombus ternarius 
FJ582152  Bombus terricola 
FJ582158 Bombus vagans 
JN400358 Bombus vosnesenskii 
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Table 3.5. Primers for Bumble Bee Screen. Described are the the primers I designed to detect 
the presence of bumble bee COI gene sequences in avian fecal samples. These primers were also 
used in the sequencing reactions to confirm the nature of electrophoresis bands. 
Target Species Primer Name Sequence (5'-3') Product Size  
Bombus spp.  BB-set7-F 
CATTCATCACCTTCTATTGATATTG
C 209bp 
  BB-set7-R GTAATTGCTCCTGCTAAAACTGG   
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Table 3.6. Summary of Bombus Predation Screen. Shown are the summary results from the PCR screen and Sanger sequencing for 
each probable predatory bird species. The predation frequency was calculated by dividing the number of samples yielding bumble bee 
sequences by the total number screened by PCR. Confidence intervals were calculated using the VasserStats online tool. 
Species Specimens Examined Positive for Bands Bombus Seq. Match Percent of Total 
95% Confidence 
Interval 
Lower 
Limit 
Upper 
Limit 
American Robin 36 6 4 10% 3.62 27.00 
    Turdus migratorius       
Ash-throated Flycatcher 1 0 N/A 0% 0 94.54 
    Myiarchus cinerascens       
Baltimore Oriole 9 5 3 33% 9.04 69.08 
    Icterus galbula       
Black-billed Cuckoo 1 0 N/A 0% 0 94.54 
    Coccyzus erythropthalmus      
Blue Grosbeak 1 0 N/A 0% 0 94.54 
    Passerina caerulea       
Blue Jay 17 4 4 24% 7.82 50.24 
    Cyanocitta cristata       
Brown Thrasher 4 1 1 25% 1.32 78.06 
    Toxostoma rufum       
California Thrasher 1 0 N/A 0% 0 94.54 
    Toxostoma redivivum       
Cedar Waxwing 45 15 10 22% 11.71 37.47 
    Bombycilla cedrorum       
Common Grackle 3 0 N/A 0% 0 69.00 
    Quiscalus quiscula       
Eastern Bluebird 5 1 1 20% 1.05 70.12 
    Sialia sialis       
Eastern Phoebe 21 4 3 14% 3.77 37.36 
    Sayornis phoebe       
Eastern Wood-pewee 3 0 N/A 0% 0 69.00 
    Contopus virens       
Florida Scrub-jay 4 1 1 25% 1.32 78.06 
    Aphelocoma coerulescens      
Gray Catbird 232 67 57 25% 19.28 30.72 
    Dumetella carolinensis       
Northern Flicker 1 1 1 100% 5.46 100 
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Table 3.6 (cont.)       
    Colaptes auratus       
Northern Mockingbird 1 0 N/A 0% 0 94.54 
    Mimus polyglottos       
Phainopepla 1 1 1 100% 5.46 100 
    Phainopepla nitens       
Red-eyed Vireo 26 8 8 31% 15.09 51.90 
    Vireo olivaceus       
Scarlet Tanager 9 3 2 22% 3.95 59.81 
    Piranga olivacea       
Western Bluebird 18 9 9 50% 26.77 73.23 
    Sialia mexicana       
Western Tanager 1 0 N/A 0% 0 94.54 
    Piranga ludoviciana       
White-eyed Vireo 1 1 1 100% 5.46 100 
    Vireo griseus       
Wood Thrush 27 9 7 26% 11.88 46.6 
    Hylocichla mustelina       
Yellow-billed Cuckoo 1 1 1 100% 5.46 100 
    Coccyzus americanus       
Yellow-breasted Chat 1 0 N/A 0% 0 94.54 
    Icteria virens       
Grand Total 473 137 114     
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Table 3.7. Nucleotide BLAST Matches. Shown are the Nucleotide BLAST results for each sample yielding a successful sequencing 
reaction after yielding an electrophoresis band concordant with the presence of bumble bee tissue. Specimen ID numbers uniquely 
identify samples and can be matched with collection notes. Nucleotide database accession numbers are given for each match, as well 
as the quality scores for the match. 
Specimen 
ID Bird Common Name Species Hit Accession No. 
Max 
Score 
Query 
Coverage E-value 
% 
Identity  
b429 Florida Scrub-Jay Bombus impatiens HQ978603.1 350 99 7E-93 96 
b322 Cedar Waxwing Bombus impatiens XR_001102734.1 346 98 9E-92 97 
b348 Cedar Waxwing Bombus impatiens HQ978603.1 359 99 1E-95 97 
b356 Cedar Waxwing Bombus impatiens HQ978603.1 366 100 7E-98 98 
b362 Cedar Waxwing Bombus ephippiatus  JF799015.1 335 99 2E-88 95 
b364 Cedar Waxwing Bombus impatiens HQ978603.1 348 99 2E-92 96 
b369 Cedar Waxwing Bombus impatiens HQ978603.1 359 99 1E-95 97 
b372 Cedar Waxwing Bombus impatiens HQ978603.1 366 99 7E-98 98 
b404 Cedar Waxwing Bombus impatiens HQ978603.1 372 98 1E-99 99 
b406 Cedar Waxwing Bombus impatiens HQ978603.1 355 99 1E-94 97 
b416 Cedar Waxwing Callibaetis ferragineus JQ662589.1 159 92 7E-36 86 
b640 Cedar Waxwing Bombus impatiens HQ978603.1 359 100 1E-95 97 
b397 Yellow-billed Cuckoo Bombus impatiens HQ978603.1 364 99 2E-97 98 
b264 Northern Flicker Bombus impatiens HQ978603.1 357 99 4E-95 97 
b645 Blue Jay Bombus impatiens HQ978603.1 337 99 5E-89 95 
b608 Blue Jay Bombus impatiens HQ978603.1 372 99 1E-99 99 
b656 Blue Jay Bombus impatiens HQ978603.1 363 99 8E-97 98 
b660 Blue Jay Bombus impatiens HQ978603.1 364 99 2E-97 98 
b207 Gray Catbird Bombus impatiens HQ978603.1 348 97 2E-92 96 
b244 Gray Catbird Bombus impatiens HQ978603.1 353 99 5E-94 97 
b259 Gray Catbird Bombus impatiens HQ978603.1 366 99 7E-98 98 
b351 Gray Catbird Bombus impatiens XR_001102734.1 215 100 1E-52 94 
b426 Gray Catbird Bombus impatiens HQ978603.1 309 99 1E-80 92 
b430 Gray Catbird Bombus impatiens XR_001102734.1 353 98 5E-94 97 
b432 Gray Catbird Bombus impatiens HQ978603.1 355 99 1E-94 97 
b437 Gray Catbird Bombus impatiens HQ978603.1 361 99 3E-96 98 
b536 (Fwd)* Gray Catbird Bombus impatiens XR_001102734.1 342 98 1E-90 96 
b233 (Fwd)* Gray Catbird Bombus impatiens HQ978603.1 148 50 2E-32 99 
b233 (Rev)* Gray Catbird Bombus impatiens XR_001102734.1 134 50 5E-28 96 
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b237 Gray Catbird Bombus impatiens HQ978603.1 370 99 5E-99 99 
b316 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b320 Gray Catbird Bombus impatiens HQ978603.1 340 99 4E-90 96 
b324 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b327 Gray Catbird Bombus impatiens XR_001102734.1 363 98 9E-97 98 
b332 Gray Catbird Bombus impatiens HQ978603.1 342 99 1E-90 96 
b337 Gray Catbird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b343 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b345 Gray Catbird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b350 (Fwd)* Gray Catbird Bombus impatiens HQ978603.1 158 98 1E-35 99 
b350 (Fwd)* Gray Catbird Bombus impatiens XR_001102734.1 139 100 5E-30 96 
b357 Gray Catbird Bombus impatiens HQ978603.1 387 100 1E-103 100 
b360 Gray Catbird Bombus impatiens HQ978603.1 346 99 9E-92 96 
b363 Gray Catbird Bombus impatiens XR_001102734.1 250 100 4E-63 98 
b368 Gray Catbird Bombus impatiens HQ978603.1 344 99 3E-91 96 
b370 Gray Catbird Bombus impatiens HQ978603.1 390 99 8E-105 100 
b376 Gray Catbird Bombus impatiens HQ978603.1 366 99 7E-98 98 
b380 Gray Catbird Bombus impatiens HQ978603.1 361 99 3E-96 98 
b395 Gray Catbird Bombus impatiens HQ978603.1 270 100 5E-69 88 
b408 Gray Catbird Bombus impatiens HQ978603.1 355 99 1E-94 97 
b409 Gray Catbird Bombus impatiens HQ978603.1 366 99 7E-98 98 
b447 Gray Catbird Bombus impatiens HQ978603.1 366 99 7E-98 98 
b479 Gray Catbird Bombus impatiens JF799030.1 353 99 5E-94 97 
b486 Gray Catbird Bombus impatiens HQ978603.1 364 99 2E-97 98 
b491 Gray Catbird Bombus impatiens HQ978603.1 357 100 4E-95 97 
b505 Gray Catbird Bombus impatiens HQ978603.1 363 99 8E-97 98 
b511 Gray Catbird Bombus impatiens HQ978603.1 311 99 3E-81 92 
b533 Gray Catbird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b535 Gray Catbird Bombus impatiens HQ978603.1 366 99 7E-98 98 
b567 Gray Catbird Bombus impatiens HQ978603.1 272 99 1E-69 93 
b568 Gray Catbird Bombus impatiens HQ978603.1 259 99 7E-66 100 
b569 Gray Catbird Bombus impatiens HQ978603.1 246 99 6E-62 97 
b573 Gray Catbird Bombus impatiens HQ978603.1 364 99 2E-97 98 
b575 Gray Catbird Bombus impatiens HQ978603.1 363 99 8E-97 98 
b576 Gray Catbird Bombus impatiens HQ978603.1 355 99 1E-94 97 
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b582 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b589 Gray Catbird Bombus impatiens HQ978603.1 361 99 3E-96 97 
B637 (Fwd)* Gray Catbird Bombus morio KC853371.1 93.5 73 1E-15 79 
b648 (Fwd)* Gray Catbird Bombus impatiens HQ978603.1 259 94 7E-66 100 
b661 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b666 Gray Catbird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b667 Gray Catbird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b671 Gray Catbird Bombus impatiens HQ978603.1 372 100 1E-99 99 
b672 Gray Catbird Bombus impatiens HQ978603.1 372 100 1E-99 99 
b676 Gray Catbird Bombus impatiens HQ978603.1 351 99 2E-93 97 
b680 Gray Catbird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b211 Gray Catbird Bombus impatiens HQ978603.1 224 100 4E-55 81 
b248 Wood Thrush Bombus impatiens XR_001102734.1 298 97 3E-77 92 
b333 Wood Thrush Bombus impatiens HQ978603.1 372 99 1E-99 99 
b346 Wood Thrush Bombus impatiens XR_001102734.1 351 98 2E-93 97 
b581 Wood Thrush Bombus impatiens HQ978603.1 353 99 5E-99 96 
b597 Wood Thrush Bombus impatiens HQ978603.1 372 99 1E-99 99 
b652 Wood Thrush Bombus impatiens HQ978603.1 372 99 1E-99 99 
b650 Wood Thrush Bombus impatiens XR_001102734.1 351 98 2E-93 97 
b371 Baltimore Oriole Bombus impatiens XR_001102734.1 333 98 7E-88 95 
b399 Baltimore Oriole Bombus impatiens HQ978603.1 361 99 3E-96 98 
b269 Baltimore Oriole Bombus impatiens XR_001102734.1 318 98 2E-83 94 
b669 Phainopepla Bombus impatiens HQ978603.1 357 100 4E-95 97 
b598 Scarlet Tanager Bombus impatiens HQ978603.1 361 99 3E-96 98 
b628 Scarlet Tanager Bombus impatiens HQ978603.1 355 99 1E-94 97 
b361 (Fwd)* Eastern Phoebe Bombus impatiens HQ978603.1 185 100 8E-44 99 
b361 (Rev)* Eastern Phoebe Bombus impatiens XR_001102734.1 169 86 1E-38 95 
b542 Eastern Phoebe Bombus impatiens HQ978603.1 366 99 7E-98 98 
b668 Eastern Phoebe Bombus impatiens HQ978603.1 357 99 4E-95 97 
b602 (Fwd)* Western Bluebird Schizotus pectinicornis KM452182.1 128 98 2E-26 83 
b607 Western Bluebird Bombus impatiens HQ978603.1 368 99 2E-98 98 
b626 Western Bluebird Bombus impatiens HQ978603.1 315 100 3E-82 93 
b631 Western Bluebird Bombus impatiens HQ978603.1 361 99 3E-96 98 
b625 Western Bluebird Bombus impatiens HQ978603.1 372 99 1E-99 99 
b632 Western Bluebird Bombus impatiens HQ978603.1 359 99 1E-95 97 
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b644 Western Bluebird Bombus impatiens HQ978603.1 368 100 2E-98 98 
b664 Western Bluebird Bombus ephippiatus  JF799030.1 357 99 4E-95 97 
b665 Western Bluebird Bombus ephippiatus  JF799015.1 353 99 5E-94 97 
b336 Eastern Bluebird Bombus impatiens HQ978603.1 390 99 8E-105 100 
b242 Brown Thrasher Bombus impatiens HQ978603.1 355 99 1E-94 97 
b230 American Robin Bombus impatiens HQ978603.1 357 100 4E-95 97 
b239 American Robin Bombus impatiens HQ978603.1 357 100 4E-95 97 
b472 American Robin Bombus impatiens XR_001102734.1 342 98 1E-90 96 
b276 American Robin Bombus impatiens HQ978603.1 390 99 9E-105 100 
b615 (Fwd)* American Robin Desmia spp. JQ560627.1 82.4 36 2E-12 94 
b615 (Rev)* American Robin Pterosiphonia 
bipinnata 
KM254727.1 
87.9 
46 4E-14 90 
b323 White-eyed Vireo Bombus impatiens HQ978603.1 364 99 2E-97 98 
b339 Red-eyed Vireo Bombus impatiens HQ978603.1 372 99 1E-99 99 
b561 Red-eyed Vireo Bombus impatiens HQ978603.1 263 99 9E-67 87 
b341 Red-eyed Vireo Bombus impatiens HQ978603.1 353 99 5E-94 97 
b342 Red-eyed Vireo Bombus impatiens HQ978603.1 366 99 7E-98 98 
b344 Red-eyed Vireo Bombus impatiens HQ978603.1 366 99 7E-98 98 
b349 Red-eyed Vireo Bombus impatiens XR_001102734.1 224 99 2E-55 96 
b354 Red-eyed Vireo Bombus impatiens HQ978603.1 363 99 9E-97 98 
b527 Red-eyed Vireo Bombus impatiens HQ978603.1 340 99 4E-90 95 
*Parentheses indicate the primer direction of the sequencing reaction queried if a consensus sequence was not obtained. 
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Table 3.8. Confirmed Bumble Bee Avian Predators. Listed are the bird species found to have consumed bumble bee tissue. 
Taxonomic data are given, as well as the IUCN status of wild populations and the PIP estimates of wild population sizes. 95% 
confidence intervals are based on the predation frequencies and sample sizes in this study. Wild population estimates and the 
calculated confidence intervals are used to conservatively estimate the prevalence of bumble bee predation in wild populations.  
Common Name Scientific Name Order Family IUCN Status* 
US Wild 
Population** 
95% CI  
Lower Limit  
Predation 
Estimate 
Yellow-billed Cuckoo Coccyzus americanus Cuculiformes Cuculidae Least Concern 8,000,000 5.46 436,800 
Cedar Waxwing Bommbycilla cedrorum Passeriformes Bombycillidae Least Concern 23,000,000 11.71 2,693,300 
Scarlet Tanager Piranga olivacea Passeriformes Cardinalidae Least Concern 2,100,000 3.95 82,950 
Blue Jay Cyanocitta cristata Passeriformes Corvidae Least Concern 12,000,000 7.82 938,400 
Florida Scrub-Jay Aphelocoma coerulescens Passeriformes Corvidae Vulnerable 10,000 1.32 132 
Baltimore Oriole Icterus galbula Passeriformes Icteridae Least Concern 9,700,000 9.04 876,880 
Brown Thrasher Toxostoma rufum Passeriformes Mimidae Least Concern 4,500,000 1.32 59,400 
Gray Catbird Dumetella carolinensis Passeriformes  Mimidae Least Concern 24,000,000 19.28 4,627,200 
Phainopepla Phainopepla nitens Passeriformes  Ptilogonatidae Least Concern 1,100,000 5.46 60,060 
American Robin Turdus migratorius Passeriformes Turdidae Least Concern 160,000,000 3.62 5,792,000 
Eastern Bluebird Sialia sialis Passeriformes Turdidae Least Concern 19,000,000 1.05 199,500 
Western Bluebird Sialia mexicana Passeriformes Turdidae Least Concern 4,500,000 26.77 1,204,650 
Wood Thrush Hylocichla mustelina Passeriformes Turdidae Least Concern 11,000,000 11.88 1,306,800 
Eastern Phoebe Sayornis phoebe Passeriformes Tyrannidae Least Concern 32,000,000 3.77 1,206,400 
Red-eyed vireo Vireo olivaceus Passeriformes Vireonidae Least Concern 48,000,000 15.09 7,243,200 
White-eyed Vireo Vireo griseus Passeriformes Vireonidae Least Concern 18,000,000 5.46 982,800 
Northern Flicker Colaptes auratusd Piciformes Picidae Least Concern 4,100,000 5.46 223,860 
*IUCN information from IUCN (2015) 
**Population information from Partners in Flight (2013) 
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Table 3.9. Chi-Square Contingency Table for Gray Catbird Age and Bumble Bee Predation. Contingency table shown for Chi-
Squared test for association between the age of the Gray Catbird contributing each sample and the presence/absence of bumble bee 
tissue. Observed (Obs.) values are shown over expected (Exp.) values for each category. All samples from aged Gray Catbirds. 
Chi-Square Test for Association 
 After Hatch Year Hatch Year Totals 
Bumble bee absent      Exp. 86.00 41.00 127 
                                     Obs.             95.94 31.06  
Bumble bee present     Exp. 87.00 15.00 102 
                                     Obs.          77.06 24.94  
Totals 173.00 56.00 229 
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Table 3.10. Chi-Square Contingency Table for Bird Age and Bumble Bee Predation. Contingency table shown for Chi-Squared 
test for association between the age of the bird contributing each sample and the presence/absence of bumble bee tissue. Observed 
(Obs.) values are shown over expected (Exp.) values for each category. All samples from aged birds of predatory species are included. 
Chi-Square Test for Association 
 After Hatch Year Hatch Year Totals 
Bumble bee absent      Obs.                    174.00 76.00 250 
                                     Exp.          191.04 58.96  
Bumble bee present     Obs. 150.00 24.00 174 
                                     Exp.         132.96 41.04  
Totals 324.00 100.00 424 
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Table 3.11. Collection Data for Bombus-Positive Bird Diet Samples. Given are the collection notes for each sample yielding 
bumble bee gene sequence matches. The Specimen ID is a unique identifier for each sample. Collaborator ID numbers correspond to 
the collector information in Table 3.1. Age and Sex are represented using conventional bird banding codes.   
Specimen 
ID 
Bird Common 
Name 
Sci. Name Species Hit Collaborator ID Band Number 
Date 
Collected 
Age Sex Weight (g) 
Sampling Location 
(ºN,ºW) 
b207 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2411-77805 6/23/13 SY F N/A 40.414742, -74.775139 
b211 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2641-49510 8/11/13 HY U N/A 40.414742, -74.775139 
b230 American Robin Turdus migratorius B. impatiens IL-CR1 82268284 5/8/14 ASY F 83.7 40.26078113, -88.35714077 
b233 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2411-78050 6/9/13 ASY F N/A 40.414742, -74.775139 
b233 (Rev)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2411-78050 6/9/13 ASY F N/A 40.414742, -74.775139 
b237 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2411-78065 7/14/13 SY M N/A 40.414742, -74.775139 
b239 American Robin Turdus migratorius B. impatiens IL-CR1 82268290 5/11/14 ASY F 81.8 40.40254576, -88.69736270 
b242 Brown Thrasher Toxostoma rufum B. impatiens IL-CR1 82268278 5/3/14 SY F N/A 39.99535721, -88.59402425 
b244 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2641-80341 5/8/14 ASY U N/A 40.793889, 77.876111 
b248 Wood Thrush Hylocichla mustelina B. impatiens PA-NK1 2641-80325 5/1/14 AHY U 50.7 40.810833, 77.877222 
b259 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2641-80344 5/24/14 ASY U 35.3 40.793889, 77.876111 
b264 Northern Flicker Colaptes auratus B. impatiens MI-BK2 1603-15348 5/24/14 SY M 130.2 42.183333, -85.533333 
b269 Baltimore Oriole Icterus galbula B. impatiens MI-BK2 2561-76383 6/2/14 ASY M 35.6 42⁰  17' 49", -085⁰  19' 27 
b276 American Robin Turdus migratorius B. impatiens MI-BK2 1292-22093 4/20/14 AHY M 72.3 42.183333, -85.533333 
b316 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76626 7/4/14 ASY U 36.6 42.296944, -85.303333 
b320 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2411-26491 6/12/14 ASY F 34.6 40.163333, -79.2675 
b322 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
PA-LD2 2661-64613 7/16/14 SY U 32.1 40.163333, -79.2675 
b323 White-eyed Vireo Vireo griseus B. impatiens PA-LD2 2720-79420 6/17/14 AHY U 11 40.163333, -79.2675 
b324 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79499 6/6/14 SY U 34.1 40.163333, -79.2675 
b327 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2411-26653 6/6/14 SY U 35.4 40.163333, -79.2675 
b332 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79503 6/12/14 SY U 36.2 40.163333, -79.2675 
b333 Wood Thrush Hylocichla mustelina B. impatiens PA-LD2 2531-79515 6/19/14 SY F 49.2 40.163333, -79.2675 
b336 Eastern Bluebird Sialia sialis B. impatiens MI-KW3 N/A 7/2/14 10 days U N/A 42.916667, -86.2 
b337 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79503 6/22/14 SY M 37.1 40.163333, -79.2675 
b339 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2521-59801 6/6/14 AHY F 16.8 40.163333, -79.2675 
b341 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2521-59797 6/12/14 AHY U 16 40.163333, -79.2675 
b342 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2521-59806 6/17/14 AHY F 17.4 40.163333, -79.2675 
b343 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2411-26491 6/19/14 ASY F 34.9 40.163333, -79.2675 
b344 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2521-59797 6/29/14 AHY M 15.9 40.163333, -79.2675 
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b345 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2331-01921 6/18/14 ASY M 33.2 40.163333, -79.2675 
b346 Wood Thrush Hylocichla mustelina B. impatiens PA-LD2 2531-79010 7/17/14 HY U 48 40.163333, -79.2675 
b348 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
PA-LD2 2661-64500 6/18/14 SY F 32.2 40.163333, -79.2675 
b349 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 1561-60591 6/22/14 AHY M 16 40.163333, -79.2675 
b350 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79511 6/18/14 SY M 35.1 40.163333, -79.2675 
b350 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79511 6/18/14 SY M 35.1 40.163333, -79.2675 
b351 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79498 6/6/14 SY U 33.8 40.163333, -79.2675 
b354 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 1831-90435 6/22/14 AHY U 15.8 40.163333, -79.2675 
b356 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
PA-LD2 2661-64522 6/26/14 SY M 26.9 40.163333, -79.2675 
b357 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79506 6/17/14 SY M 31.9 40.163333, -79.2675 
b360 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76515 7/4/14 SY M 35.4 42.296944, -85.303333 
b361 (Fwd)* Eastern Phoebe Sayornis phoebe B. impatiens MI-BK2 2730-29285 6/26/14 AHY F 19.6 42.355833, -85.678611  
b361 (Rev)* Eastern Phoebe Sayornis phoebe B. impatiens MI-BK2 2730-29285 6/26/14 AHY F 19.6 42.355833, -85.678611  
b362 Cedar Waxwing 
Bombycilla 
cedrorum 
B. ephippiatus  
PA-LD2 2661-64535 6/26/14 SY F 34.4 40.163333, -79.2675 
b363 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76537 7/13/14 SY F 37.7 42.296944, -85.303333 
b364 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
PA-LD2 2661-64526 6/26/14 SY F 33.8 40.163333, -79.2675 
b368 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76549 7/14/14 HY U 35.2 42.296944, -85.303333 
b369 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
MI-BK2 2661-58462 7/6/14 ASY F 32 42.183333, -85.533333 
b370 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79500 6/6/14 ASY U 35.5 40.163333, -79.2675 
b371 Baltimore Oriole Icterus galbula B. impatiens MI-BK2 2561-76399 6/15/14 SY F 33.6 42.296944, -85.303333 
b372 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
PA-LD2 2661-64506 6/19/14 SY M 28.6 40.163333, -79.2675 
b376 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76397 6/15/14 ASY U 34.5 42.296944, -85.303333 
b380 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79512 6/18/14 SY U 33.3 40.163333, -79.2675 
b395 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76503 7/4/14 ASY U 34.2 42.296944, -85.303333 
b397 Yellow-billed Cuckoo 
Coccyzus 
americanus 
B. impatiens 
MI-BK2 1292-22237 6/5/14 ASY U N/A 42.296944, -85.324167 
b399 Baltimore Oriole Icterus galbula B. impatiens MI-BK2 2561-76499 6/15/14 ASY M 34.7 42.296944, -85.303333 
b404 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
MI-BK2 2661-58491 7/14/14 SY F 40.3 42.296944, -85.303333 
b406 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
MI-BK2 2661-58449 7/4/14 ASY M 29 42.296944, -85.303333 
b408 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76513 7/4/14 SY M 34.5 42.296944, -85.303333 
b409 Gray Catbird D. carolinensis B. impatiens MI-BK2 2561-76542 7/14/14 SY U 33.5 42.296944, -85.303333 
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b416 Cedar Waxwing 
Bombycilla 
cedrorum 
C. ferragineus 
MI-BK2 2661-58453 7/4/14 SY F 41.6 42.296944, -85.303333 
b426 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2641-80350 9/9/14 HY U 40.5 40.810833, 77.877222 
b429 Florida Scrub-Jay 
Aphelocoma 
coerulescens 
B. impatiens 
TN-SF1 1713-89673 4/29/14 11 days  26.9 27.166667, -81.359444 
b430 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2301-95355 9/29/14 HY U 36.8 40.810833, 77.877222 
b432 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2641-80374 9/15/14 AHY U 37.8 40.810833, 77.877222 
b437 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-NK1 2641-80372 9/15/14 AHY U 44 40.810833, 77.877222 
b447 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76392 6/12/14 SY F 36.5 42.296944, -85.303333 
b472 American Robin Turdus migratorius B. impatiens PA-TK4 0812-47608 10/5/14 HY U 73.5 40.542833, -75.510101 
b479 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-TK4 2651-17501 9/20/14 AHY U 40.2 40.542833, -75.510101 
b486 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-TK4 8001-91097 9/14/14 HY U 36.5 40.542833, -75.510101 
b491 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-TK4 2651-17528 10/5/14 HY U 40.5 40.542833, -75.510101 
b505 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
WI-JK1 2411-55677 6/5/14 SY F N/A 44.809711, -91.182840 
b511 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
WI-JK1 2411-55618 6/26/14 ASY M N/A 44.809711, -91.182840 
b527 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2621-08082 8/14/14 AHY U 16.8 40.163333, -79.2675 
b533 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79516 7/16/14 SY F 39 40.163333, -79.2675 
b535 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79561 7/27/14 HY U 35.8 40.163333, -79.2675 
b536 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79146 8/14/14 HY U 37.2 40.163333, -79.2675 
b542 Eastern Phoebe Sayornis phoebe B. impatiens PA-LD2 2621-08086 8/14/14 HY U 16.8 40.163333, -79.2675 
b561 Red-eyed Vireo Vireo olivaceus B. impatiens PA-LD2 2621-08080 8/14/14 AHY F 15.3 40.163333, -79.2675 
b567 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79002 7/16/14 ASY F 37.3 40.163333, -79.2675 
b568 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79018 7/27/14 HY U 35.9 40.163333, -79.2675 
b569 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79113 8/14/14 HY U 34.9 40.163333, -79.2675 
b573 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79158 8/14/14 HY U 37.1 40.163333, -79.2675 
b575 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79001 7/16/14 HY U 34.6 40.163333, -79.2675 
b576 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79093 8/5/14 HY U 33 40.163333, -79.2675 
b581 Wood Thrush Hylocichla mustelina B. impatiens MI-BK2 2651-23557 9/4/14 HY U 53.6 42.183333, -85.533333 
b582 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 1631-11486 8/14/14 AHY U 37.3 40.163333, -79.2675 
b589 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
PA-LD2 2531-79571 7/10/14 SY M 31.9 40.163333, -79.2675 
b597 Wood Thrush Hylocichla mustelina B. impatiens PA-LD2 2531-79117 8/3/14 HY U 54.2 40.163333, -79.2675 
b598 Scarlet Tanager Piranga olivacea B. impatiens PA-LD2 2661-64588 7/10/14 ASY M 25.7 40.163333, -79.2675 
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Table 3.11 (cont.) 
b607 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59660 6/30/14 N/A X N/A 33.809444, -116.775 
b608 Blue Jay Cyanocitta cristata B. impatiens NJ-HS1 1213-71054 8/24/14 SY F 85.6 40.414742, -74.775139 
b615 (Fwd)* American Robin Turdus migratorius Desmia spp. NJ-HS1 1152-91110 5/18/14 6 F N/A 40.414742, -74.775139 
b615 (Rev)* American Robin Turdus migratorius P. bipinnata NJ-HS1 1152-91110 5/18/14 6 F N/A 40.414742, -74.775139 
b625 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59642 6/29/14 N/A X N/A 33.809444, -116.775 
b626 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59643 6/29/14 N/A X N/A 33.809444, -116.775 
b628 Scarlet Tanager Piranga olivacea B. impatiens NJ-HS1 2571-54739 5/25/14 SY F 28.3 40.414742, -74.775139 
b631 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59646 6/29/14 N/A X N/A 33.809444, -116.775 
b632 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59641 6/29/14 N/A X N/A 33.809444, -116.775 
B637 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. morio 
NJ-HS1 2411-77748 6/29/14 ASY M 36.5 40.414742, -74.775139 
b640 Cedar Waxwing 
Bombycilla 
cedrorum 
B. impatiens 
MI-BK2 2661-58499 7/24/14 AHY F 32.7 42.296944, -85.303333 
b644 Western Bluebird Sialia mexicana B. impatiens CA-WS1 1791-59661 6/30/14 N/A X N/A 33.809444, -116.775 
b645 Blue Jay Cyanocitta cristata B. impatiens NY-PG1 942-08552 8/19/14 HY U 89 41.238333, -77.794167 
b648 (Fwd)* Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
NJ-HS1 2641-49590 6/8/14 SY F 34.2 40.414742, -74.775139 
b650 Wood Thrush Hylocichla mustelina B. impatiens NJ-HS1 2641-49591 5/25/14 5 F 53.8 40.414742, -74.775139 
b652 Wood Thrush Hylocichla mustelina B. impatiens NJ-HS1 2411-78162 7/13/14 HY U 48.1 40.414742, -74.775139 
b656 Blue Jay Cyanocitta cristata B. impatiens NY-PG1 1603-59834 9/9/14 HY U 94 41.238333, -77.794167 
b660 Blue Jay Cyanocitta cristata B. impatiens NJ-HS1 1213-71053 8/24/14 HY F 82.8 40.414742, -74.775139 
b661 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76559 7/24/14 HY U 34.9 42.296944, -85.324167 
b664 Western Bluebird Sialia mexicana B. ephippiatus  CA-WS1 1791-59650 6/29/14 N/A X N/A 33.809444, -116.775 
b665 Western Bluebird Sialia mexicana B. ephippiatus  CA-WS1 1791-59659 6/29/14 N/A X N/A 33.809444, -116.775 
b666 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
NJ-HS1 2411-78185 8/31/14 HY U 36.1 40.414742, -74.775139 
b667 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
MI-BK2 2561-76562 7/24/14 ASY U 33.3 42.296944, -85.324167 
b668 Eastern Phoebe Sayornis phoebe B. impatiens MI-BK2 2740-40032 9/28/14 AHY U 20.8 42.183333, -85.533333 
b669 Phainopepla Phainopepla nitens B. impatiens CA-WS1 1791-59614 4/12/14 N/A X N/A 34.031667, -116.4575 
b671 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
NJ-HS1 2641-49597 6/1/14 ASY F 36.1 40.414742, -74.775139 
b672 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
NJ-HS1 2411-78104 6/1/14 ASY M 35 40.414742, -74.775139 
b676 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
NJ-HS1 2411-77994 6/15/14 SY F N/A 40.414742, -74.775139 
b680 Gray Catbird 
Dumetella 
carolinensis 
B. impatiens 
HOPE 2411-77743 6/9/13 AHY M N/A 40.414742, -74.775139 
*Parentheses indicate the primer direction of the sequencing reaction queried if a consensus sequence was not obtained. 
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Figures 
 
Figure 3.1. Olive Sided Flycatcher with Bumble Bee. Shown is an Olive-sided flycatcher with 
a bumble bee, probably a B. bifarius queen, in its beak. Photo courtesy of Deanne Endrizzi. 
 
 
  
  76 
References 
Bates, H. W. (1862). Contributions to an Insect Fauna of the Amazon Valley (Lepidoptera: 
Heliconidae). Transactions of the Linnean Soceity of London, 23(3), 495–566. 
Beal, F. E. L. (1912). Food of our more important flycatchers. US Dept. of Agriculture, 
Biological Survey Bulletin, (44), 16, 26, 43. 
Beard, R. L. (1963). Insect toxins and venoms. Annual Review of Entomology, 8, 1–18. 
Beatty, C. D., Beirinckx, K., & Sherratt, T. N. (2004). The evolution of Muellerian mimicry in 
multispecies communities. Nature, 431(September), 63–67. doi:10.1038/nature02904 
 
Brower, L., Brower, J., & Westcott, P. (1960). Experimental Studies of Mimicry. 5. The 
Reactions of Toads (Bufo terrestris) to Bumblebees (Bombus americanorum) and Their 
Robberfly Mimics (Mallophora bomboides), with a Discussion of Aggressive Mimicry. 
American Naturalist, 94(878), 343–355. Retrieved from 
http://www.jstor.org/stable/10.2307/2458922 
 
Bryant, H. C. (1914). A determination of the economic status of the western meadowlark 
(Sturnella neglecta) in California (Vol. 11). University of California Press. 
 
Casper, R. M., Jarman, S. N., Deagle, B. E., Gales, N. J., & Hindell, M. A. (2007). Detecting 
prey from DNA in predator scats: A comparison with morphological analysis, using 
Arctocephalus seals fed a known diet. Journal of Experimental Marine Biology and 
Ecology, 347(1-2), 144–154. doi:10.1016/j.jembe.2007.04.002 
 
Cavitt, J. F., & Haas, C. A. (2014). Brown Thrasher (Toxostoma rufum), In A. Poole (Ed.), The 
Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/557 
Chatelain, M., Halpin, C. G., & Rowe, C. (2013). Ambient temperature influences birds’ 
decisions to eat toxic prey. Animal Behaviour, 86(4), 733–740. 
doi:10.1016/j.anbehav.2013.07.007 
Chu, M., & Walsberg, G. (1999). Phainopepla (Phainopepla nitens), In A. Poole (Ed.), The Birds 
of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/415 
 
Cimprich, D. A., Moore, F. R., & Guilfoyle, M. P. (2000). Red-eyed Vireo (Vireo olivaceus), In 
A. Poole (Ed.), The Birds of North America Online. Retrieved from the Birds of North 
America Online: http://bna.birds.cornell.edu/bna/species/527   
Colla, S. R., Otterstatter, M. C., Gegear, R. J., & Thomson, J. D. (2006). Plight of the bumble 
bee: Pathogen spillover from commercial to wild populations. Biological Conservation, 
129(4), 461–467. doi:10.1016/j.biocon.2005.11.013 
  77 
Conn, D. L. T. (1972). The Genetics of Mimetic Colour Polymorphism in the Large Narcissus 
Bulb Fly, Merodon equestris Fab. (Diptera: Syrphidae). Philosophical Transactions of the 
Royal Society of London. Series B, Biological Sciences, 264(863), 353–402. 
Corbet, S. A., Fussell, M., Ake, R., Fraser, A., Gunson, C., Savage, A., & Smith, K. (1993). 
Temperature and the pollinating activity of social bees. Ecological Entomology, 18(1), 17-
30. 
Darwin, C. (1968). On the origin of species by means of natural selection. 1859. Murray, 
London, 502. 
Davies, N. B. (1977). Prey selection and the search strategy of the spotted flycatcher (Muscicapa 
striata): A field study on optimal foraging. Animal Behaviour, 25, 1016–1033. Retrieved 
from http://www.sciencedirect.com/science/article/pii/0003347277900537 
Deagle, B. E., Chiaradia, A., McInnes, J., & Jarman, S. N. (2010). Pyrosequencing faecal DNA 
to determine diet of little pengins: is what goes in what comes out? Conservation Genetics, 
11(5), 2039–2048. 
Deuter, R., Pietsch, S., Hertal, S., & Müller, O. (1995). A method for preparation of fecal DNA 
suitable for PCR. Nucleid Acids Research, 23(18), 3800–3801. 
 Edmunds, M., & Reader, T. (2012). Evidence for batesian mimicry in a polymorphic hoverfly. 
Evolution, 68(3), 827–39. doi:10.1111/evo.12308 
EMBL-EBI (2015). Muscle: Multiple Sequence Alignment. 
http://www.ebi.ac.uk/Tools/msa/muscle/ 
Evans, D., & Waldbauer, G. (1982). Behavior of Adult and Naive Birds when Presented with a 
Bumblebee and its Mimic. Zeitschrift Für Tierpsychologie, 59, 247–259. Retrieved from 
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0310.1982.tb00341.x/abstract 
Evans, D.L. & Schmidt, J.O., (Eds.). (1990). Insect Defenses: Adaptive mechanisms and 
strageties of prey and predators. State University of New York Press. Albany, NY.  
Evans, M., Gow, E., Roth, R. R., Johnson, M. S., & Underwood, T. J. (2011). Wood Thrush 
(Hylocichla mustelina), In A. Poole (Ed.), The Birds of North America Online. Retrieved 
from the Birds of North America Online: http://bna.birds.cornell.edu/bna/species/246 
Fisher, R. M., & Tuckerman, R. D. (1986). Mimicry of Bumble Bees and Cuckoo Bumble Bees 
by Carrion Beetles (Coleoptera: Silphidae). Journal of the Kansas Entomological Society, 
59(1), 20–25. 
Flanders, R. V., W. F. Wehling, A. L. Craghead. (2003). Laws and regulations on the import, 
movement, and release of bees in the United States. In K. Strickler and J. H. Cane (Eds.) 
For Nonnative Crops, Whence Pollinators of the Future?, 99-111.  
  78 
Gabritschevsky, E. (1926). Convergence of coloration between American pilose flies and 
bumblebees (Bombus). The Biological Bulletin, 51(4), 269–286. Retrieved from 
http://www.biolbull.org/content/51/4/269.short 
Gowaty, P. A., & Plissner, J. H. (2015). Eastern Bluebird (Sialia sialis), In A. Poole (Ed.), The 
Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.corness.edu/bna/species/381 
 
Guinan, J. A., Gowaty, P. A., & Eltzroth, E. K. (2008). Western Bluebird (Sialia mexicana), In 
A. Poole (Ed.), The Birds of North America Online. Retrieved from the Birds of North 
America Online: http://bna.birds.cornell.edu/bna/species/510 
Hajibabaei, M., Smith, M. A., Janzen, D. H., Rodriguez, J. J., Whitfield, J. B., & Hebert, P. D. N. 
(2006). A minimalist barcode can identify a specimen whose DNA is degraded. Molecular 
Ecology Notes, 6(4), 959–964. doi:10.1111/j.1471-8286.2006.01470.x 
Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nucleic Acids. Symposium Series, 41: 95-98. 
Hartley, P. H. T. (1948). The Assessment of the Food of Birds. The Ibis, 90(3), 361–381. 
Heinrich, B. (2012). A Heretofore Unreported Instant Color Change in a Beetle , Nicrophorus 
tomentosus Weber ( Coleoptera : Silphidae ) A Heretofore Unreported Instant Color 
Change In a Beetle , Nicrophorus tomentosus Weber ( Coleoptera : Silphidae ). 
Northeastern Naturalist, 19(2), 345–352. 
Hines, H. M., & Williams, P. H. (2012). Mimetic colour pattern evolution in the highly 
polymorphic Bombus trifasciatus (Hymenoptera: Apidae) species complex and its 
comimics. Zoological Journal of the Linnean Society, 166(4), 805–826. 
doi:10.1111/j.1096-3642.2012.00861.x 
Hopp, S. L., Kirby, A., & Boone, C. A. (1995). White-eyed Vireo (Vireo griseus), In A. Poole 
(Ed.), The Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/168 
Hughes, J. M. (2015). Yellow-billed Cuckoo (Coccyzus americanus), In A. Poole (Ed.), The 
Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/418 
IUCN (2015). IUCN Red List of Threatened Species. Version 2015.2. www.iucnredlist.org. 
Accessed on June 23, 2015.  
Judd, S. D. (1899). The Efficiency of Some Protective Adaptations in Securing Insects from 
Birds. The American Naturalist, 33(390), 461–484. 
Kirby, W., & Spence, W. (1817). An Introduction to entomology, vol. II. pp. 220-221.  
  79 
Kraus, F. B., Szentgyörgyi, H., Rożej, E., Rhode, M., Moroń, D., Woyciechowski, M., & Moritz, 
R. F. A. (2010). Greenhouse bumblebees (Bombus terrestris) spread their genes into the 
wild. Conservation Genetics, 12(1), 187–192. doi:10.1007/s10592-010-0131-7 
Linsley, E. G. (1959). Mimetic form and coloration in the cerambycidae (coleoptera). Annals of 
the Entomological Society of America, 52(2), 125–131. 
Lowry, Richard. (2015). VassarStats, The Confidence Interval of a Proportion. Available at 
http://vassarstats.net/prop1.html. Accessed June 23, 2015.  
Major, R. E. (1991). Flocking and feeding in the white-fronted chat Ephthianura albifrons: The 
relationship between diet, food availability, and patch selection. Australian Journal of 
Ecology, 16, 395–407. Retrieved from http://onlinelibrary.wiley.com/doi/10.1111/j.1442-
9993.1991.tb01067.x/abstract 
McAtee, W. L. (1912). The Experimental Method of Testing the Efficiency of Warning and 
Cryptic Coloration in Protecting Animals from their Enemies. Proceedings of the National 
Academy of Sciences, 64, 281–364. 
Mowbray, T. B. (1999). Scarlet Tanager (Piranga olivacea), In A. Poole (Ed.), The Birds of 
North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/479 
Müller, F. (1879). Ituna and Thyridia: a remarkable case of mimicry in butterflies. Transactions 
of the Entomological Society of London, 20-29. 
National Center for Biotechnology Information (NCBI). (2015a). Nucleotide Database.  
http://www.ncbi.nlm.nih.gov/nucleotide 
National Center for Biotechnology Information (NCBI). (2015b). Primer-BLAST.  
http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 
National Center for Biotechnology Information (NCBI). (2015c). Standard Nucleotide BLAST.  
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch 
Nilssen, A. C., Anderson, J. R., & Bergersen, R. (2000). The Reindeer Oestrids Hypoderma 
tarandi and Cephenemyia trompe (Diptera: Oestridae): Batesian Mimics of Bumblebees 
(Hymenoptera: Apidae: Bombus spp.)? Journal of Insect Behavior, 13(3), 307–320. 
Oehm, J., Juen, A., Nagiller, K., Neuhauser, S., & Traugott, M. (2011). Molecular scatology: 
how to improve prey DNA detection success in avian faeces? Molecular Ecology 
Resources, 11(4), 620–8. doi:10.1111/j.1755-0998.2011.03001.x 
 Owen, R., & Plowright, R. (1980). Abdominal pile color dimorphism in the bumble bee, 
Bombus melanopygus. Journal of Heredity, 71, 241–247. Retrieved from 
http://jhered.oxfordjournals.org/content/71/4/241.full.pdf 
  80 
Partners in Flight Science Committee (2013). Population Estimates Database, version 2013. 
Available at http://rmbo.org/pifpopestimates. Accessed on June 23, 2015. 
Plowright, R., & Owen, R. (1980). The evolutionary significance of bumble bee color patterns: a 
mimetic interpretation. Evolution, 34(4), 622–637. Retrieved from 
http://www.jstor.org/stable/10.2307/2408017 
Posłuszny, M., Pilot, M., & Goszczy, J. (2007). Diet of sympatric pine marten ( Martes martes ) 
and stone marten (Martes foina) identified by genotyping of DNA from faeces. Annales 
Zoologici Fennici, 44, 269–284. 
Poulin, B., & Lefebvre, G. (1994). Effect And Efficiency Of Tartar Emetic In Determining The 
Diet Of Tropical Land Birds. The Condor, 96(1), 98–104. 
Reinig, W. F. (1935). On the variation of Bombus Lapidarius L. and its cuckoo, Psithyrus 
rupestris Fabr., with notes on mimetic similarity. Journal of Genetics, 30(3), 321–356. 
Rising, J. D., &. Flood, N. J. (1998). Baltimore Oriole (Icterus galbula), In A. Poole (Ed.), The 
Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/384 
 
Rodewald, P. (Editor). 2015. The Birds of North America 
Online: http://bna.birds.cornell.edu/BNA/. Cornell Laboratory of Ornithology, Ithaca, NY. 
Rowe, C., Lindström, L., & Lyytinen, A. (2004). The importance of pattern similarity between 
Müllerian mimics in predator avoidance learning. Proceedings. Biological Sciences / The 
Royal Society, 271(1537), 407–13. doi:10.1098/rspb.2003.2615 
Sandre, S.L., Stevens, M., & Mappes, J. (2010). The effect of predator appetite, prey warning 
coloration and luminance on predator foraging decisions. Behaviour, 147(9), 1121–1143. 
doi:10.1163/000579510X507001 
Smith, K. G., Tarvin, K. A., & Woolfenden G. E. (2013). Blue Jay (Cyanocitta cristata), In A. 
Poole (Ed.), The Birds of North America Online. Retrieved from the Birds of North 
America Online: http://bna.birds.cornell.edu/bna/species/469 
 
Smith, R. J., Hatch, M. I., Cimprich, D. A., & Moore, F. R. (2011). Gray Catbird 
(Dumetella carolinensis), In A. Poole (Ed.), The Birds of North America Online. Retrieved 
from the Birds of North America Online:  http://bna.birds.cornell.edu/bna/species 
Starr, C. K. (1985). Enabling Mechanisms in the Origin of Sociality in the Hymenoptera—The 
Sting’s the Thing. Annals of the Entomological Society America, 78(1985), 836–840. 
Stiles, E. (1979). Evolution of color pattern and pubescence characteristics in male bumblebees: 
automimicry vs. thermoregulation. Evolution, 33(3), 941–957. Retrieved from 
http://www.jstor.org/stable/10.2307/2407657 
  81 
Svádová, K., Exnerová, A., Štys, P., Landová, E., Valenta, J., Fučíková, A., & Socha, R. (2009). 
Role of different colours of aposematic insects in learning, memory and generalization of 
naïve bird predators. Animal Behaviour, 77(2), 327–336. 
doi:10.1016/j.anbehav.2008.09.034 
Vanderhoff, N., Sallabanks, R., & James, F. C. (2014). American Robin (Turdus migratorius), In 
A. Poole (Ed.), The Birds of North America Online. Retrieved from the Birds of North 
America Online:  http://bna.birds.cornell.edu/bna/species/462 
 
Weeks Jr., H. P. (2011). Eastern Phoebe (Sayornis phoebe), In A. Poole (Ed.), The Birds of 
North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/094 
 
Wiebe, K. L. & Moore, W. S. (2008). Northern Flicker (Colaptes auratus), In A. Poole (Ed.), The 
Birds of North America Online. Retrieved from the Birds of North America 
Online: http://bna.birds.cornell.edu/bna/species/166a 
Williams, P. (2007). The distribution of bumblebee colour patterns worldwide: possible 
significance for thermoregulation, crypsis, and warning mimicry. Biological Journal of the 
Linnean Society, 92(1), 97–118. doi:10.1111/j.1095-8312.2007.00878.x 
Williams, P. H., Thorp, R. W., Richardson, L. L., Colla, S. R. (2014). Bumble Bees of North 
America: An Identification Guide. Princeton: Princeton University Press.  
Wilson, R. P. (1984). An Improved Stomach Pump for Penquins and Other Seabirds. Journal of 
Field Ornithology, 55(1), 109–112. 
Winter, K., Adams, L., Thorp, R., Inouye, D., Day, L., Ascher, J., & Buchmann, S. (2006). 
Importation of Non-Native Bumble Bees into North America: Potential Consequences of 
Using Bombus terrestris and Other Non-Native Bumble Bees for Greenhouse Crop 
Pollination in Canada, Mexico, and the United States. Coevolution Institute.  
Witmer, M. C., Mountjoy, D. J., & Elliot, L. (2014). Cedar Waxwing (Bombycilla cedrorum), In 
A. Poole (Ed.), The Birds of North America Online. Retrieved from the Birds of North 
America Online: http://bna.birds.cornell.edu/bna/species/309 
Woolfenden, Glen E. and John W. Fitzpatrick. (1996). Florida Scrub-Jay 
(Aphelocoma coerulescens), In A. Poole (Ed.), The Birds of North America Online. Retrieved from the 
Birds of North America Online: http://bna.birds.cornell.edu/bna/species/228 
  82 
CHAPTER 4: COMPARISON OF HUMAN PERCEIVED BUMBLE BEE COLOR 
PATTERNS WITH BIRD VISUAL PERCEPTION 
 
Abstract 
Mimicry theory is largely based on the idea that avian predators of bees are able to learn 
a shared aposematic signal—the color patterns displayed by bumble bee co-mimics—more 
quickly than if each bumble bee species exhibited a unique color pattern. Co-mimics share the 
burden of teaching predators their warning signals, an event that normally means death for the 
individual bee, and reduce the number of warning signals a predator must learn. Research has 
greatly advanced our understanding of avian visual perception, with the result that we now know 
that birds see the world differently from humans. Despite this insight, the hypothesis that bumble 
bees form Müllerian mimicry complexes is still largely based on the color pattern convergences 
observed by human researchers. To determine if human-perceived buble bee colors are similar to 
those perceived by birds, the predators most likely driving color pattern convergence in bumble 
bees, I used reflectance spectroscopy of dorsal body hair and avian visual modeling to describe 
bumble bee color patterns quantitatively. I found a high degree of correlation between avian-
perceived hue scores and human perception of bumble bee color patches, including white 
patches, which exhibit relatively high ultraviolet reflectance. These data indicate that human 
visual perception more or less matches avian perception of bumble bee coloration, and that 
published descriptions of different color pattern phenotypes described as Müllerian mimicry 
rings are likely biologically meaningful. The spectral methodology used in this analysis 
illustrates the value of spectrometry for a more accurate and precise examination of bumble bee 
coloration than can be achieved by human visual comparison.  
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Introduction 
  In 1862, H.W. Bates (1862) proposed mimicry theory, in which he postulated that 
harmless species could evolve to share warning signals with noxious species via the process of 
natural selection. A second, related, mimicry concept was proposed by Frank Müller (1879), who 
hypothesized that noxious species with devices that can harm a predator could also gain an 
advantage by mimicking one another. Since then, Müllerian mimicry theory has been used to 
describe the apparently convergent color patterns among bumble bee species (Plowright & Owen 
1980). Although Bates’ Heliconius butterflies remain a preeminent example of both Batesian and 
Müllerian mimicry (Kaplan 2001; Flanagan et al. 2004; Langham 2004), bumble bees have also 
risen in prominence as an important model system for understanding the evolution of mimicry 
(Williams 2007; Edmunds & Reader 2012; Franklin 2012; Hines and Williams 2012; Rapti et al. 
2014).  
 Despite an increasing number of bumble bee mimicry studies, the underlying evidence 
for co-mimicry is surprisingly weak. The predators that may be driving these convergences have 
not been positively identified, and no field experiments have demonstrated any protective 
benefits resulting from bumble bee color patterns. Nor is mimicry the only proposed explanation 
for color pattern convergence in bumble bees; others include thermoregulation (Stiles 1979) and 
crypsis (Williams 2007), neither of which have been discredited. It is also likely that several of 
these selective forces operate collectively to shape bumble bee coloration. Another issue is that 
bumble bee mimicry groups are based on human-observed similarities among bumble bee co-
mimics (Stiles 1979; Owen & Plowright 1980; Williams 2007; Rapti et al. 2014) or between 
bumble bees and their Batesian mimics (Gabritschevsky 1926; Linsley 1959; Conn 1972; Fisher 
& Tuckerman 1986; Nilssen et al. 2000; Edmunds & Reader 2012; Heinrich 2012). Human 
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perception of color can be misleading in studies of visual signals because the number and 
sensitivity of cones in the eye that perceive color are highly variable among taxonomic groups 
(Land & Nilsson 2002).  
 Bumble bees’ conspicuous coloration has long been thought to serve as a warning 
(Poulton 1887), and their stings can inflict significant pain in vertebrates (Evans & Schmidt 
1990). If bumble bee color patterns are functionally aposematic, it is reasonable to infer that 
bumble bees sharing the same warning signals would be left alone by any shared predators. Birds 
are assumed to be the principal predators of bumble bees driving color pattern convergence 
(Remington & Remington 1957). Evidence supporting birds in this role includes four avian 
studies that document bumble bees in the diets of Spotted Flycatchers (Davies 1977), Bluebirds, 
Blue Jays, Great-crested Flycatchers, Olive-sided Flycatchers (Judd 1899), Western 
Meadowlarks (Bryant 1914), and Eastern Kingbirds (Beal 1912). Even if we accept, based on 
this limited evidence, that birds are major predators of bumble bees, we know that birds do not 
perceive bumble bee colors in the same way that humans do (Land & Nilsson 2002). Key 
differences in bird eyes relative to human eyes include a visual range expanded into the 
ultraviolet spectrum, four instead of three color photoreceptors, and the use of oil-droplets in the 
retina as light filters (Hart 2001).  
Instead of relying on human eyes to assess and classify bumble bee color patterns, a 
spectrometer can be used to take objective and precise color measurements (Endler 1990; Endler 
& Meilke 2005; Endler 2012). The known spectral sensitivities of avian photoreceptors may then 
be used to process these spectra and describe bumble bee coloration from the visual perspective 
of potential avian predators. As key studies of bumble bee coloration have been based on human 
vision rather than bird vision (Plowright & Owen 1980; Williams 2007; Rapti et al. 2014), my 
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research seeks to determine whether these prior studies have classified bumble bee color patterns 
in a manner that is consistent with the visual perceptions of birds. Using a spectrometer to 
quantify the color patches of bumble bees, I compared avian perception to human-assigned color 
groups.    
 
Materials and Methods 
Species examined and Preparation 
Spectral reflectance data for bumble bee color patterns were obtained from ethanol-
preserved bees in the Cameron Lab bumble bee collection at the University of Illinois (Table 
4.1). Ethanol-preserved specimens are preferred for color studies because the pigments in dry 
specimens are susceptible to decay over long periods (Hines, unpublished data). For social 
species, only workers were used in the study, as queens and males are less numerous than 
workers and spend less time outside of the nest during the course of the season. For workerless 
brood-parasitic species of the subgenus Psithyrus, queens were used. Prior to spectral 
measurement, ethanol-preserved specimens were pin-mounted and air-dried. I then fluffed each 
specimen’s setae with a soft brush to restore a natural appearance (Rapti et al. 2014).  
As the focus of this study is on the visual signal presented to avian predators, only the 
color pattern of the dorsal thorax and abdomen was considered. Coloration derived only from the 
pile (hair) of a bee was examined. I defined color patches for each specimen by examining each 
bee dorsally and demarcating contiguous areas of identical coloration. Inter-segmental 
boundaries on the thorax and abdomen were not considered to delimit color patches without a 
corresponding visible color change, although the thoracic-abdominal attachment was always 
considered to bound the color patches to either side (i.e. the last thoracic patch and the first 
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abdominal patch). For comparative purposes, I codified the color patches of each bee using 
alphanumeric designations based on the body segment on which a color patch was found (“M” 
for the thorax, and “T” for the abdomen) and the anterior-posterior order in which the band 
occurred (1, 2, 3, etc.) (Fig. 4.1). As bumble bee color elements usually comprise a sequence of 
transverse bands (Rapti et al. 2014), body segment and sequence order are sufficiently 
descriptive to uniquely identify almost any color patch. In a few instances color patches were 
found to be medial or lateral without spanning the entire segment. To clearly designate these 
patches, the designation “cent” was appended to the standard segment-sequence identifier for 
center/medial patches, and the designation “LatR” or “LatL” was appended to designate lateral 
patches. Each color patch was measured three times (replicates) at three random points within a 
patch.  
 
Color Measurement 
Consistent with other studies of animal coloration, I measured color patches for each bee 
using a USB2000 spectroradiometer (#2 grating, L2 lens, 100μm slit) fitted with a R200-7-
UV/VIS bifurcating probe and a PX-2 pulsed xenon lamp (Ocean Optics, Inc.). Measurements 
were recorded using the OceanView spectroscopy package. I encountered several obtacles to 
taking consistent measurements of bumble bees that were unique to this application. Many 
reflectance studies measure large color patches spread over flat surfaces such as bird feathers 
(McGraw 2006) or butterfly wings (Wilts et al. 2011). Bumble bee color patches are relatively 
small, however, and require specific attention to the fiber diameter of the probe and the 
measurement distance to achieve a “spot” of reflected light small enough to sample only the 
desired color element, yet bright enough to be reliably measured by the detector. Because 
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bumble bee hairs are not identical in length or parallel in arrangement (nor is the underlying 
cuticle flat, but convex) the task of maintaining a consistent probe-to-sample distance was 
difficult. To enhance consistency of the measurement geometry, I created a probe guide (Hill & 
McGraw 2006c) consisting of a clear vinyl tube. The guide ensured that measurements were 
taken at a consistent distance of 2.5 mm. A final challenge was that of glare, or specular 
reflection, which is often an issue when performing spectroscopy on smooth, regular surfaces. 
Glare is achromatic, or what we think of as “white” light, and therefore may mask the true 
reflected color of a surface. To overcome this, I used coincident oblique measurement geometry 
(McGraw 2006b) with the probe positioned 45º to a line tangent to the bee at the measurement 
spot of the probe (Fig. 4.2). The probe guide was beveled to consistently maintain this angle, as 
well as the measurement distance. Due to the complex and approximate nature of the geometry 
described here, comparisons of brightness between bumble bee color patches are not reliable, as 
even small distances between the surface and the probe can cause dramatic fluctuations in the 
amplitude of the reflectance spectra.  
 
Data Processing 
An overview of the data manipulation is given in Fig. 4.3. Each color measurement 
collected by the spectrometer generated a .TXT file containing the percent reflectance at each 
wavelength of the measured patch. Therefore, for each color patch measured, three .TXT files 
were created (one for each replicate). I used CLR: Colour Analysis Programs v1.05 
(Montgomerie 2008) to collate the many data files for each specimen. CLRfiles, part of the CLR 
package, was used to bin the spectral measurements between 300 and 700 nm into 1 nm sections 
and combine each specimen’s reflectance fines into a single new .TXT file. I then graphed the 
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replicates of each color patch in Microsoft Excel and manually examined them for anomalies due 
to high specular contamination (achromatic glare), sharp and dramatic peaks (signal 
contamination), lack of signal, or severe deviation from the other two replicates for that patch 
(measurement error). For the case of errant peaks, another program in the CLR package, 
CLRspike, could be used to remove the peaks from the data files, while most other types of 
anomalous replicates were excluded from the analysis. I averaged the replicate(s) remaining after 
clean up to create a single representative spectrum for each color patch. The final set of averaged 
spectra for each bumble bee (one averaged spectrograph for each color patch) were then copied 
to a new Excel file and saved in .XLS format.  
I performed avian perceptual modeling using TETRACOLORSPACE (Stoddard & Prum 
2008) in MATLAB 8.4.0.150421 (MathWorks, Inc.). The .XLS file for each bee was loaded into 
the TETRACOLORSPACE and the hue functions for each color patch were generated based on 
the visual physiology of an “average” bird with UV-type vision (Endler & Meilke 2005, 
supplementary information). For each color measurement TETRACOLORSPACE converts the 
percent reflectance at each wavelength to moles of photons per nanometer per second 
(photons/nm/s), as photons are the unit of stimulation for photoreceptors. Following the methods 
of Stoddard & Prum (2008) I assumed an idealized light source at constant intensity across all 
wavelengths. Photons/nm/s were then converted to photoreceptor response values based the 
spectral sensitivities of an average UV-sensitive bird (Hart 2001). As visual perception is largely 
dependent on relative stimulation between classes of photoreceptors, stimulation values were 
next normalized to create relative stimulation values, which could then be converted coordinates 
and plotted in a “color space” with each axis comprising a class of avian photoreceptor (i.e. UV, 
short, medium, and long wavelength). Since birds are tetrachromatic (they have four classes of 
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color photoreceptors) the avian color space is often represented as a three dimensional 
tetrahedron (Fig. 4.4).  
The methodology developed by Stoddard & Prum (2008) first requires that a color be 
plotted as a point using the coordinates obtained as described above (Fig. 4.5). After plotting, 
however, colors are represented not by coordinates, but by vectors. These vectors are defined by 
three values, theta (θ), phi (ϕ), and r. Theta and phi define a color’s hue, while r defines its 
saturation (a.k.a. chroma or purity). Theta, which can range from +2π to -2π, is an angle in the 
triangular two-dimensional plane used to describe the relative stimulation of the three avian cone 
classes approximately representing the human visible light spectrum between 400-700 nm (Fig. 
4.5 a.). Phi, which can range from +π to –π, represents the relative stimulation of the avian 
receptor sensitive to the ultraviolet part of the light spectrum between 300-400 nm, and 
comprises the z-axis of the tetrahedron (Fig. 4.5 b.). Finally, r represents the saturation of the 
color, and defines the distance from the achromatic origin at the center of the tetrahedron at 
which a color point is located. The potential value of r ranges from zero to a maximum value that 
varies based on the distance from the origin to the outer side of the tetrahedron at the relevant 
angles of theta and phi. See Stoddard and Prum (2008) for a more detailed discussion of these 
methods.  
Representing colors using this system is useful for my purposes because it allows for 
colors to be “disassembled” into certain components. In the present case, I am interested in 
whether the human-observed convergences among bumble bee color patterns are perceived by 
birds. While some studies indicate a general agreement between human and avian color 
perception, the case of bumble bees has not been specifically examined. Despite breakthroughs 
in our understanding of avian and human vision, direct comparisons of color perception by birds 
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and humans remains problematic. Perhaps the most significant difference between human and 
avian visual systems is that humans are trichromatic while birds are tetrachromatic. This means 
that while human color perception may be represented in two-dimensional color space, avian 
color perception requires three-dimensional space. Even when using similar methods to represent 
colors in the human and avian color spaces, direct comparisons across the color spaces are not 
possible. Instead, I have chosen to use a simpler approximation of human and visual color 
perception to compare color perceptions.  
 
Human Color Coding and Comparative Analysis 
My key question is whether birds perceive the human-coded color pattern similarity that 
underlies decades of mimicry research in bumble bees. For each bumble bee considered, I 
visually examined the specimen and determined what appeared to be the dominant pale (i.e., 
non-black) band color on each bee. This pale band color was classified as either “red/orange,” 
“yellow,” or “white.” Usually, the pale band color was represented by multiple bands, which 
were considered to collectively represent the bee’s pale band color. The TETRACOLORSPACE 
hue scores for each of these pale band color patches were averaged to generate a single set of 
color scores for each bumble bee specimen. To maintain independence, I allowed each specimen 
to represent only one pale band color in the analysis, even if the bee exhibited multiple non-black 
colors (a bumble bee with yellow and white bands could only represent yellow or white).  
To test whether human-perceived color groupings are also perceived by birds, I tested the 
hypothesis that human pale band color classes comprised color patches with significantly similar 
avian color scores. Theta, although only part of the information necessary to precisely define 
avian color perception, corresponds closely to the human-visible portion of the light spectrum. 
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By taking theta alone as a representation of the bird-perceived hue of a color patch, comparisons 
can be made to human perception of the same color patches by simple correlation. I used one-
way ANOVA to examine the symmetry between bird and human perception of bumble bee 
colors in the visual spectrum by comparing human color classes with avian theta values. In 
addition to the correspondence of human and avian color perception in the visual spectrum, I was 
also interested in the ultraviolet spectrum because it is visible to many birds (McGraw 2006b). 
Although phi represents the ultraviolet contribution to a color’s hue (Stoddard & Prum 2008), 
phi (although not theta, see definition above) partially dependent on the chroma, or saturation 
(spectral “purity”), of each color. An example helps illustrate the problem. Let us assume two 
colors of the same hue in the human-visible spectrum (theta) (Fig. 4.6). Let us also agree that 
each of these colors cause the same relative stimulation of the avian ultraviolet photoreceptor. 
These two colors will thus have the same Z-coordinate (the third dimension of the color space 
dependent only on ultraviolet reflectance). In the Stoddard & Prum (2008) system, however, the 
chroma value determines the distance from the origin to the point representing the color. If these 
two hypothetical colors had different chroma values, thus different distances from the center of 
the tetrahedron, the angle of elevation (or depression) from X-Y plane (where the human-visible 
reflectance is represented) to the ultraviolet-determined Z-value would be greater for the less 
saturated color (closer to the origin, shorter line) than for the more saturated color (further from 
the origin, longer line). Because of the inability to separate phi as an independent representation 
of the ultraviolet contribution to the avian perception of a color, the Z-coordinate (itself a 
conversion of the relative stimulation of the bird UV cone) is a better representation of a color 
patch’s ultraviolet reflectance for comparative analyses. As stated, no direct comparison of 
human and avian perception can be made due to the extra dimension in the avian color space. 
  92 
Instead, I investigated whether the human-perceived differences in bumble bee coloration are 
correlated with any ultraviolet component of the signal perceived by birds. If the reflectance of 
bumble bee colors in the human-visible portion of the spectrum is correlated consistently with 
the reflectance of bumble bee colors in the ultraviolet portion of the spectrum, then human-
perceived variation among bumble bee colors may capture the ultraviolet variation available to 
birds. If this is the case, then human-based similarity analyses may justifiably be said to 
generalize to birds.  
 
Results 
Comparison of Human and Avian Color Perception 
Pale band hue scores were generated for 162 bumble bee specimens representing 162 out 
of 250 described species (both social and parasitic) from around the world (Table 4.1) The color 
analysis included 17 bumble bee species with red/orange, 110 species with yellow, and 35 
species with white pale bands (Table 4.2). I used TETRACOLORSPACE to generate hue scores 
for each bee’s pale band patches. I then averaged these scores to obtain a single representative 
set of pale band hue scores for each specimen.  
Raw values for both theta and the avian tretrahedral Z-coordinate violated the 
assumptions of normality (Theta, Anderson-Darling = 19.425, p < 0.005; Z, Anderson-Darling 
4.720, p < 0.005) and equal variances (Theta, Levene’s test p < 0.000; Z, Levene’s test p <0.000) 
with respect to human color group. Johnson transformations were performed to establish 
normality (theta, Anderson-Darling = 0.433, p = 0.300, Fig. 4.7; Z, Anderson-Darling = 0.318, p 
= 0.533, Fig. 4.8) and equal variances (theta, Levene’s test p = 0.228; Z, Levene’s tests p = 
0.166). Human color group assignment was found to be significantly associated with avian hue 
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perception (transformed theta values) between 400-700 nm by one-way ANOVA (F(2, 159) = 
82.84, p < 0.000, Table 4.3, Fig. 4.9). Post hoc analysis using Fisher’s Least Significant 
Difference (LSD) test indicated that the mean theta values for the red/orange, yellow, and white 
human color classes were significantly different from one another and perceptually distinct to 
both humans and birds.  
As many birds, including most of the songbirds (Order Passeriformes), are able to 
perceive ultraviolet light between 300-400 nm, I examined whether human color classes 
correspond to the relative stimulation of the ultraviolet photoreceptor for an average ultraviolet-
sensitive bird (Hart 2001). What limited evidence we have of avian predation of bumble bees has 
primarily implicated passerines, making the avian ultraviolet visual system of particular interest 
(Judd 1899; Beal 1912; Bryant 1914; Davies 1977; Maddux, unpublished data). Human color 
class was found to be significantly associated with avian ultraviolet perception (transformed 
tetrahedral Z-coordinates) (one-way ANOVA (F(2,159) = 52.33, p < 0.000, Table 4.4, Fig. 4.10). 
Post-hoc analysis using Fisher’s LSD test indicated that mean avian ultraviolet perception was 
not significantly different between the red/orange and yellow groups, but that the human white 
color group had a significantly higher average ultraviolet reflectance.  
To compare avian-perceived hue scores for the human-visible spectrum (theta) and avian 
ultraviolet cone responses (Z-coordinates), transformed theta and Z values were compared using 
linear regression analysis (Table 4.5, Fig. 4.11). This comparison of avian-perceived hue in the 
human-visual and ultraviolet spectra also revealed a significant linear relationship (Transformed 
Z-coordinate = 0.0019+0.5961*Transformed Theta, R2 = 40.31, p < 0.000). Avian perception of 
bumble bee colors in the human-visual spectrum are consistently associated with the reflectance 
of bumble bee colors in the ultraviolet spectrum. 
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Discussion 
Ultraviolet Reflection and Avian Predation 
  The high degree of correlation between avian-perceived color hues and human-coded 
color groups suggests that analyses of bumble bee coloration (one component of color pattern 
analysis, along with variables such as patch size and position) based on human vision are 
concordant with avian color perception. This conclusion aligns with other research indicating 
that human vision can be a proxy for that of birds (e.g. Seddon et al. 2010). A potential 
confounding factor in the case of bumble bees is the contribution of ultraviolet reflectance, 
which humans cannot perceive. Prior to this study, no investigation of the ultraviolet reflectance 
of bumble bees had been undertaken. It is possible that some patches that appear identical to 
humans could appear very different to birds due to “hidden” ultraviolet reflectance. My findings 
indicate that white bumble bee pale bands exhibit significantly greater ultraviolet reflectance 
than either red/orange or yellow patches. This ultraviolet contribution, however, does not appear 
likely to invalidate human classifications of bumble bee colors as a proxy for how birds perceive 
them or to indicate the presence of hidden color information. This conclusion is based on the 
high degree of correlation between human pale band classes and reflectance in both the human-
visible and the ultraviolet spectrum. This consistent association is likely enhanced by the limited 
color palette of bumble bees, which falls mainly along the yellow/red boundary of the Stoddard 
and Prum (2008) tetrahedral color space (Fig. 4.12). Overall, it can be said that while some 
bumble bee color patches reflect ultraviolet light (human-perceived white), this ultraviolet 
reflectance is highly consistent with human-perceived color classifications and does not appear 
to vary independently of reflectance in the human-visible spectrum. Human color groups, then, 
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appear to capture much of the associated variation in ultraviolet reflectance that may be 
perceived by any avian predators of bumble bees.  
 Bumble bees themselves are known to see ultraviolet light (Dyer et al. 2015), and many 
flowers make use of this ability by displaying nectar guides to attract pollinators (Koski & 
Ashman 2014). It is possible that the ultraviolet reflectance of white bumble bee patches are 
meant for other bumble bees, but I believe this is unlikely. The two most obvious intraspecific 
functions for such a signal, nestmate recognition (Blacher et al. 2013) and mate preference 
(Alcock & Alcock 1983; Kindl et al. 1999) are known to depend almost exclusively on chemical 
signals. Mate choosiness in bumble bees has been shown to persist even in darkness (Ings et al. 
2005), further discounting the role of a visual signal in mate choice. Note also that the 
reflectance curve exhibited by white bee patches takes the form of a plateau (Fig. 4.13), without 
a dedicated ultraviolet peak, such as is found in other animals known to use ultraviolet 
reflectance as a special communication channel (e.g. Hunt et al. 2001; Cummings et al. 2003; 
Bybee et al. 2013). At this time, there is no obvious biological role for ultraviolet reflectance in 
bumble bees, although the relatively few species for which reflectance data have been collected 
precludes a thorough understanding of this matter. 
 
Further Examination of the Human/Avian Visual Relationship 
This study strengthens the mimicry hypotheses put forward in previous research and 
legitimizes the use of human color classification methods in future bumble bee mimicry studies. 
The usefulness of spectroscopy and avian visual modeling in this field is by no means 
inconsequential, however. At minimum, the conclusions here would be significantly 
strengthened by a comparative analysis utilizing reflectance measurements and a more 
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sophisticated human-based color classification scheme. My human color classifications were 
straightforward (i.e. red/orange, yellow, white) like those of existing color pattern studies on 
bumble bees (Plowright & Owen 1980; Williams 2007). Future work should consider a more 
thorough examination of bumble bee color patches on a more finely-graduated color scale such 
as that used by Rapti et al. (2014) in their recent examination of the developmental elements 
underlying bumble bee color patterns. While still relying on human vision to classify bumble bee 
colors, these authors used reference color swatches and standardized illumination to classify 
bumble bee color pattern elements. Comparing spectral data to human data collected on a 
consistent and precise color scale is a logical next step for comparing human and avian 
perception of bumble bee colors. Further, human-based rankings of chroma/saturation should be 
incorporated with hue rankings for a more complete color description (Stoddard & Prum 2008). 
These more complex human-based classifications could then be compared with avian color 
values generated through spectroscopy for a more robust comparison of human and avian 
bumble bee color perception.   
 
Future Directions  
The data generated in this study could also be used directly in studies of bumble bee color 
pattern evolution. Stoddard & Prum (2008), on whose methods this spectral analysis was based, 
ultimately used similar data to map color pattern evolution among birds. In addition to color 
scores for individual colors, TETRACOLORSPACE is capable of generating composite scores 
representing aspects of an animal’s entire color pattern. With the completion of a comprehensive 
bumble bee phylogeny by Cameron et al. in 2007, avian-perceived color pattern scores can now 
be used to rule out shared ancestry as a source of similarity among bumble bee color patterns. 
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Similarly, spectrally-based avian color scores—incorporated into whole color pattern coding 
schemes—might indicate groups of similarly colored bumble bees associated with specific 
localities, as would be expected in Müllerian mimicry rings. The use of avian color perception 
data in these types of studies, although more intensive to obtain than human-based color 
classification systems, would provide more biologically relevant and scientifically sound 
conclusions (Endler & Meilke 2005).  
 
Conclusions 
Previous studies of bumble bee coloration and mimicry evolution are supported by my 
data. It is important, however, to emphasize that the conclusions of prior studies have not 
unequivocally offered mimetic evolution as the explanation for all of the diverse color patterns 
exhibited by bumble bees (Stiles 1979; Williams 2007). These magnificent bees can be found in 
myriad habitats in both hemispheres of the world (Michener 2007), and other factors, including 
thermoregulation and crypsis, have been proposed to explain the evolution of bumble bee color 
patterns (Stiles 1979; Plowright & Owen 1980; Williams 2007). Bumble bees may indeed 
comprise a mimetic system rivaling the complexity of butterflies, but vital information remains 
unknown. This study supports existing research that proposes avian predation as a possible 
explanation for convergent bumble bee color patterns, and indicates that spectroscopy can be a 
more robust alternative to human-based color classification of bumble bee color patterns. 
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Tables 
 
Table 4.1. Pale Band Color Scores. Shown are the raw and transformed color scores for each bees’ pale band color patches. 
Specimen ID Bombus species  Sub Genera Pale Band Code Pale Band Color 
UV 
STIM Z-coord theta phi r  r max achieved r  
atp-2001-01 atripes Th 1 Red/Orange 0.0329 -0.2171 0.0668 -0.7299 0.3256 0.3749 0.8684 
bre-2003-01 breviceps Ag 1 Red/Orange 0.0117 -0.2383 0.1998 -0.7809 0.3426 0.3581 0.9532 
cin-2004-01 cingulatus Pr 1 Red/Orange 0.0727 -0.1773 0.1253 -0.7929 0.2488 0.3509 0.7091 
con-2003-02 consobrinus Mg 1 Red/Orange 0.0144 -0.2356 0.2103 -0.8399 0.3165 0.3358 0.9425 
dah-1994-01 dahlbomii Th 1 Red/Orange 0.0171 -0.2329 0.1677 -0.8239 0.3174 0.3407 0.9316 
div-2002-01 diversus Mg 1 Red/Orange 0.0195 -0.2306 0.2089 -0.8585 0.3053 0.3309 0.9223 
fes-2002-01 festivus Ml 1 Red/Orange 0.0153 -0.2347 0.0028 -0.6956 0.3662 0.3901 0.9387 
hae-2003-01 haemorrhoidalis Or 1 Red/Orange 0.0587 -0.1913 0.2085 -0.7839 0.2757 0.3606 0.7651 
han-2002-01 handlirschi ecuadorius Cu 1 Red/Orange 0.0640 -0.1860 0.1577 -0.8284 0.2547 0.3409 0.7440 
hed-2002-01 hedini Th 1 Red/Orange 0.0264 -0.2236 0.2652 -0.9427 0.2764 0.3090 0.8944 
lon-2002-01 longipes Mg 1 Red/Orange 0.0114 -0.2386 0.1564 -0.8118 0.3289 0.3446 0.9546 
max-2004-01 maxillosus (barbutellus) Ps 1 Red/Orange 0.0439 -0.2061 0.2581 -1.1186 0.2291 0.2779 0.8242 
mus-1995-01 muscorum Th 1 Red/Orange 0.0305 -0.2195 0.2784 -0.9583 0.2683 0.3055 0.8780 
pas-1999-01 pascuorum Pr 1 Red/Orange 0.0265 -0.2235 0.1079 -0.7311 0.3347 0.3744 0.8939 
rub-2000-01 rubicundus Cu 1 Red/Orange 0.0245 -0.2255 -0.1540 -0.6553 0.3734 0.4121 0.9019 
sch-2005-01 schrencki Th 1 Red/Orange 0.0327 -0.2174 0.1569 -0.9009 0.2848 0.3238 0.8695 
tcn-2002-01 tricornis Th 1 Red/Orange 0.0095 -0.2405 0.2190 -0.9730 0.2910 0.3025 0.9621 
aff-2003-01 affinis Bo 2 Yellow 0.0550 -0.1950 0.4054 -1.0408 0.2287 0.2914 0.7800 
alb-2005-01 alboanalis (jonellus) Pr 2 Yellow 0.0814 -0.1686 0.3801 -1.0490 0.1955 0.2898 0.6743 
arg-2002-01 argillaceus Mg 2 Yellow 0.0238 -0.2262 0.3994 -0.8567 0.3010 0.3322 0.9050 
arm-2002-01 armeniacus Th 2 Yellow 0.0369 -0.2132 0.3677 -1.1355 0.2351 0.2757 0.8526 
aur-2014-01 auricomus Bi 2 Yellow 0.0100 -0.2400 0.4620 -1.1297 0.2662 0.2770 0.9599 
ava-2005-01 avanus Pr 2 Yellow 0.0284 -0.2216 0.5611 -1.3312 0.2283 0.2574 0.8865 
bal-1999-02 balteatus Al 2 Yellow 0.0417 -0.2083 0.3254 -0.9757 0.2517 0.3025 0.8332 
bif-1995-02 bifarius Pr 2 Yellow 0.1131 -0.1369 0.5360 -1.3018 0.1424 0.2596 0.5476 
bim-2007-01 bimaculatus Pr 2 Yellow 0.0718 -0.1782 0.3584 -1.1873 0.1924 0.2698 0.7128 
bor-1991-01 borealis St 2 Yellow 0.0242 -0.2258 0.1938 -0.9168 0.2846 0.3150 0.9032 
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cal-1997-03 californicus (fervidus) Th 2 Yellow 0.0609 -0.1892 0.3419 -1.1328 0.2089 0.2761 0.7568 
cen-2003-01 centralis Pr 2 Yellow 0.0217 -0.2283 0.2139 -0.8993 0.2925 0.3199 0.9130 
cit-2003-01 citrinus Ps 2 Yellow 0.0112 -0.2388 0.2882 -1.0111 0.2818 0.2950 0.9553 
clg-2003-01 caliginosus Pr 2 Yellow 0.0185 -0.2315 0.3201 -0.9627 0.2821 0.3046 0.9261 
cro-2002-01 crotchii Cu 2 Yellow 0.0735 -0.1766 0.2910 -1.1006 0.1981 0.2805 0.7061 
cry-2002-01 cryptarum Bo 2 Yellow 0.0571 -0.1930 0.3405 -1.0683 0.2211 0.2860 0.7719 
eph-2003-01 ephippiatus Pr 2 Yellow 0.0044 -0.2456 0.2499 -0.8273 0.3336 0.3396 0.9824 
fer-1991-05 fervidus Th 2 Yellow 0.0501 -0.1999 0.2546 -1.0205 0.2346 0.2933 0.7998 
fgr-2002-01 fragrans St 2 Yellow 0.0170 -0.2330 0.2825 -1.0297 0.2721 0.2920 0.9322 
fil-2002-01 filchnerae Th 2 Yellow 0.0257 -0.2243 0.2641 -1.0908 0.2540 0.2826 0.8972 
fla-2005-02 flavifrons Pr 2 Yellow 0.0220 -0.2281 0.3722 -1.1095 0.2563 0.2803 0.9122 
fnr-1998-01 funeriarius Or 2 Yellow 0.0270 -0.2230 0.5226 -1.3430 0.2291 0.2569 0.8919 
fra-1989-01 franklini Bo 2 Yellow 0.0229 -0.2271 0.2343 -1.0251 0.2657 0.2925 0.9083 
frg-1989-03 frigidus Pr 2 Yellow 0.0190 -0.2310 0.2966 -0.9982 0.2755 0.2980 0.9238 
fri-2002-01 friseanus Ml 2 Yellow 0.0288 -0.2212 0.3917 -0.9274 0.2799 0.3159 0.8848 
frn-2005-02 fernaldae (flavidus) Ps 2 Yellow 0.0250 -0.2250 0.2856 -1.1268 0.2493 0.2769 0.9000 
frt-2003-01 fraternus Cu 2 Yellow 0.0522 -0.1978 0.3019 -1.1223 0.2207 0.2783 0.7912 
fvv-2004-01 flaviventris (sibiricus) Sb 2 Yellow 0.0202 -0.2298 0.2974 -1.1075 0.2589 0.2811 0.9192 
ger-2002-01 gerstaeckeri Mg 2 Yellow 0.0603 -0.1897 0.4530 -1.2166 0.2082 0.2707 0.7589 
gra-0000-01 grahami Ag 2 Yellow 0.0697 -0.1803 0.6037 -1.3738 0.1842 0.2553 0.7213 
gri-2014-03 griseocollis Cu 2 Yellow 0.0078 -0.2422 0.5379 -1.2239 0.2577 0.2660 0.9688 
hau-1977-01 haueri Cu 2 Yellow 0.0018 -0.2482 0.1161 -0.8439 0.3323 0.3348 0.9928 
hor-1999-01 hortorum Mg 2 Yellow 0.0071 -0.2429 0.3633 -0.9088 0.3104 0.3192 0.9716 
hpc-2003-01 hypicrita Bo 2 Yellow 0.0877 -0.1623 0.3675 -1.2474 0.1718 0.2641 0.6494 
hpn-2003-01 hypnorum Pr 2 Yellow 0.0212 -0.2289 0.2355 -0.9132 0.2898 0.3165 0.9155 
hrt-2000-01 hortulanus Cu 2 Yellow 0.0528 -0.1973 0.2870 -1.0882 0.2233 0.2826 0.7889 
hyp-1999-01 hyperboreus Al 2 Yellow 0.0088 -0.2412 0.1448 -0.8148 0.3314 0.3437 0.9645 
imi-2001-01 imitator Th 2 Yellow 0.0325 -0.2175 0.2821 -1.0146 0.2571 0.2952 0.8700 
imp-2014-02 impatiens Pr 2 Yellow 0.0169 -0.2331 0.5014 -1.2259 0.2479 0.2657 0.9325 
inf-2002-01 infrequens Pr 2 Yellow 0.1130 -0.1370 0.3893 -1.2339 0.1451 0.2649 0.5479 
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ins-2003-01 insularis (hypnorum) Pr 2 Yellow 0.0117 -0.2383 0.2853 -0.9655 0.2898 0.3040 0.9533 
jon-1999-03 jonellus Pr 2 Yellow 0.0461 -0.2039 0.3344 -1.0989 0.2297 0.2810 0.8157 
lae-2002-04 laesus Th 2 Yellow 0.0480 -0.2021 0.3620 -1.1468 0.2221 0.2747 0.8083 
lap-2003-01 lapponicus Pr 2 Yellow 0.0309 -0.2191 0.4196 -1.1803 0.2374 0.2706 0.8762 
luc-1999-01 lucorum Bo 2 Yellow 0.0227 -0.2273 0.1915 -0.9610 0.2772 0.3050 0.9091 
lut-2002-01 luteipes Pr 2 Yellow 0.0925 -0.1576 0.5770 -1.3539 0.1613 0.2560 0.6302 
mag-2005-01 magnus Bo 2 Yellow 0.0587 -0.1914 0.2611 -1.0159 0.2267 0.2951 0.7654 
mdr-2002-02 moderatus (cryptarum) Bo 2 Yellow 0.0248 -0.2252 0.3549 -1.0446 0.2606 0.2893 0.9008 
med-2007-01 medius Th 2 Yellow 0.0772 -0.1729 0.3307 -1.2317 0.1836 0.2653 0.6913 
mel-1999-04 melanurus St 2 Yellow 0.0312 -0.2189 0.2410 -0.9455 0.2701 0.3084 0.8755 
men-1999-01 mendax Md 2 Yellow 0.0773 -0.1727 0.5106 -1.3228 0.1784 0.2580 0.6908 
min-1985-01 miniatus Ml 2 Yellow 0.0709 -0.1791 0.3282 -1.1071 0.2004 0.2797 0.7162 
mix-2005-01 mixtus Pr 2 Yellow 0.0738 -0.1762 0.4643 -1.2288 0.1871 0.2656 0.7050 
mla-2002-03 melanopygus Pr 2 Yellow 0.0588 -0.1912 0.3867 -1.2087 0.2054 0.2677 0.7648 
mod-2002-02 modestus Pr 2 Yellow 0.0441 -0.2059 0.3999 -1.0360 0.2421 0.2928 0.8238 
mon-2002-01 monticola rondoui Pr 2 Yellow 0.0760 -0.1741 0.4561 -1.2676 0.1824 0.2620 0.6962 
mor-2002-01 morrisoni Cu 2 Yellow 0.1117 -0.1383 0.1944 -0.7252 0.1585 0.1894 0.5530 
muc-2002-01 mucidus Th 2 Yellow 0.0469 -0.2031 0.3657 -1.1525 0.2269 0.2779 0.8125 
neo-1993-02 neoboreus Al 2 Yellow 0.0976 -0.1524 0.4690 -1.3418 0.1567 0.2568 0.6097 
nev-1993-01 nevadensis Bi 2 Yellow 0.0234 -0.2266 0.2166 -1.0012 0.2691 0.2969 0.9066 
nor-1999-01 norvegicus Ps 2 Yellow 0.0049 -0.2451 0.2526 -0.9240 0.3072 0.3133 0.9806 
obe-2004-01 oberti Sb 2 Yellow 0.0430 -0.2070 0.4165 -1.2502 0.2187 0.2638 0.8281 
opi-2003-01 opifex Th 2 Yellow 0.0517 -0.1983 0.2589 -1.0431 0.2296 0.2894 0.7932 
par-2001-01 parthenius Pr 2 Yellow 0.0963 -0.1537 0.4253 -1.2646 0.1612 0.2622 0.6146 
pdx-2007-01 paradoxus (confusus) Bi 2 Yellow 0.0521 -0.1979 0.3602 -1.2153 0.2111 0.2668 0.7914 
pen-1994-01 pensylvanicus Th 2 Yellow 0.0324 -0.2177 0.2920 -1.0834 0.2464 0.2830 0.8707 
per-1991-02 perplexus Pr 2 Yellow 0.0148 -0.2352 0.3567 -1.0018 0.2792 0.2967 0.9409 
pic-2001-02 picipes Pr 2 Yellow 0.0578 -0.1922 0.3223 -1.1132 0.2141 0.2787 0.7685 
pol-1993-02 polaris Al 2 Yellow 0.0738 -0.1762 0.8710 -1.3992 0.1789 0.2538 0.7047 
pra-1999-03 pratorum Pr 2 Yellow 0.0654 -0.1846 0.3670 -1.2326 0.1957 0.2650 0.7385 
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pre-2002-01 pressus Pr 2 Yellow 0.0284 -0.2216 0.3643 -1.0879 0.2507 0.2826 0.8863 
psn-2002-01 personatus St 2 Yellow 0.0577 -0.1924 0.4018 -1.2346 0.2037 0.2649 0.7694 
pyr-1999-04 pyrenaeus Pr 2 Yellow 0.0980 -0.1520 0.2931 -1.1785 0.1650 0.2711 0.6080 
rdt-2001-01 ruderatus Mg 2 Yellow 0.0346 -0.2154 0.1169 -0.8964 0.2762 0.3203 0.8612 
rel-2002-01 religiosus Mg 2 Yellow 0.0233 -0.2267 0.3526 -0.8458 0.3081 0.3373 0.9067 
rem-2002-01 remotus Th 2 Yellow 0.0606 -0.1895 0.3757 -1.2149 0.2021 0.2668 0.7579 
rob-2000-01 robustus Cu 2 Yellow 0.0088 -0.2412 0.2205 -0.9128 0.3059 0.3169 0.9648 
rud-1994-03 ruderatus Mg 2 Yellow 0.0064 -0.2436 0.2454 -0.8386 0.3275 0.3362 0.9743 
ruf-1987-01 rufocinctus Cu 2 Yellow 0.0526 -0.1974 0.3645 -1.1781 0.2146 0.2711 0.7896 
san-2007-01 sandersoni Pr 2 Yellow 0.0485 -0.2015 0.3541 -1.1819 0.2184 0.2706 0.8061 
sec-2002-02 securus Mg 2 Yellow 0.0137 -0.2363 0.3669 -0.8631 0.3121 0.3298 0.9451 
sha-2002-01 
shaposhnikovi 
(handlirschianus) Md 2 Yellow 0.0433 -0.2067 0.4495 -1.2179 0.2209 0.2671 0.8269 
sib-2004-01 sibiricus Sb 2 Yellow 0.0024 -0.2476 0.2423 -0.9235 0.3137 0.3165 0.9905 
sit-1994-01 sitkensis Pr 2 Yellow 0.0981 -0.1519 0.2630 -1.1484 0.1672 0.2744 0.6076 
sko-2002-01 skorikovi Ps 2 Yellow 0.0309 -0.2191 0.4007 -1.1737 0.2391 0.2726 0.8764 
slv-1995-03 sylvicola Pr 2 Yellow 0.1068 -0.1432 0.4093 -1.2524 0.1508 0.2633 0.5728 
son-2004-01 sonorus (pensylvanicus) Th 2 Yellow 0.0504 -0.1996 0.3809 -1.1876 0.2181 0.2716 0.7985 
sor-1999-02 soroeensis Kl 2 Yellow 0.0627 -0.1874 0.2876 -1.1639 0.2043 0.2723 0.7495 
spo-2005-01 sporadicus Bo 2 Yellow 0.0878 -0.1622 0.2194 -1.0697 
#DIV/0
! 0.2852 0.6487 
ste-1996-01 steindachneri Th 2 Yellow 0.1041 -0.1459 0.3565 -1.1915 0.1571 0.2691 0.5836 
sub-2005-02 subterraneus St 2 Yellow 0.1009 -0.1491 0.3102 -1.2509 0.1588 0.2647 0.5964 
suc-1997-01 suckleyi Ps 2 Yellow 0.0136 -0.2364 0.2770 -1.0094 0.2796 0.2955 0.9456 
sul-2002-01 sulfureus Sb 2 Yellow 0.0193 -0.2308 0.3611 -1.0388 0.2688 0.2909 0.9230 
sus-2002-02 sushkini (tichenkoi) Mg 2 Yellow 0.0186 -0.2314 0.2702 -1.0095 0.2735 0.2954 0.9255 
syl-1999-01 sylvestris Ps 2 Yellow 0.0254 -0.2246 0.1882 -0.9772 0.2709 0.3016 0.8983 
ter-1991-05 ternarius Pr 2 Yellow 0.0629 -0.1871 0.4279 -1.2265 0.1991 0.2660 0.7484 
tra-1995-01 transversalis Th 2 Yellow 0.0309 -0.2192 0.2365 -0.9112 0.2807 0.3194 0.8767 
trc-1991-04 terricola Bo 2 Yellow 0.0597 -0.1904 0.2606 -1.0513 0.2210 0.2893 0.7613 
tri-1999-01 trifasciatus Mg 2 Yellow 0.0021 -0.2479 0.3115 -0.9923 0.2961 0.2986 0.9915 
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trn-2002-01 trinominatus Th 2 Yellow 0.0528 -0.1972 0.4388 -1.1636 0.2148 0.2723 0.7889 
trs-1999-01 terrestris Bo 2 Yellow 0.0313 -0.2188 0.2607 -0.9650 0.2662 0.3042 0.8751 
tuc-2005-01 tucumanus Cu 2 Yellow 0.0169 -0.2331 0.1027 -0.8220 0.3181 0.3417 0.9322 
uss-2003-01 ussurensis Mg 2 Yellow 0.0532 -0.1968 0.1754 -0.8561 0.2606 0.3310 0.7874 
vag-1997-01 vagans Pr 2 Yellow 0.0619 -0.1882 0.6526 -1.2526 0.2000 0.2645 0.7525 
ves-1990-02 vestalis Ps 2 Yellow 0.0299 -0.2201 0.1367 -0.7557 0.3209 0.3646 0.8803 
vet-1993-01 veteranus Th 2 Yellow 0.0202 -0.2298 0.2697 -0.9225 0.2894 0.3145 0.9193 
vor-2002-01 vorticosus (niveatus) Sb 2 Yellow 0.0750 -0.1750 0.3304 -1.1212 0.1944 0.2776 0.6998 
vos-1994-03 vosnesenskii Pr 2 Yellow 0.0743 -0.1757 0.4418 -1.2089 0.1879 0.2673 0.7028 
wei-2002-01 weisi Th 2 Yellow 0.1046 -0.1454 0.4701 -1.3010 0.1508 0.2594 0.5814 
zon-2002-01 zonatus apicalis Th 2 Yellow 0.0558 -0.1943 0.2708 -1.1185 0.2167 0.2784 0.7770 
ala-2002-01 alagesianus (keriensis) Ml 3 White 0.0810 -0.1690 0.4076 -1.2406 0.1787 0.2643 0.6762 
app-1991-01 appositus St 3 White 0.0551 -0.1950 0.2506 -1.1151 0.2175 0.2788 0.7799 
asi-1985-01 asiaticus Sb 3 White 0.1067 -0.1433 0.8764 -1.4078 0.1458 0.2539 0.5731 
avi-1985-01 avinoviellus Md 3 White 0.1236 -0.1264 0.5449 -1.3442 0.1506 0.2573 0.5841 
bir-2001-01 biroi Pr 3 White 0.0597 -0.1903 0.5009 -1.3158 0.1970 0.2586 0.7613 
bro-2002-01 brodmannicus Pr 3 White 0.1822 -0.0678 1.4338 -1.4413 0.0685 0.2523 0.2711 
cvx-2002-01 convexus Md 3 White 0.1920 -0.0581 2.3489 -1.4355 0.0586 0.2524 0.2322 
erz-2002-01 erzurumensis (sichelii) Ml 3 White 0.1299 -0.1201 1.8814 -1.4447 0.1211 0.2520 0.4804 
fun-2000-01 funebris Cu 3 White 0.1598 -0.0902 0.8324 -1.4182 0.0913 0.2529 0.3609 
hdl-2002-01 handlirschianus Md 3 White 0.1113 -0.1387 1.5014 -1.4293 0.1403 0.2526 0.5547 
inc-2002-01 incertus Ml 3 White 0.1909 -0.0591 2.6004 -1.3307 0.0610 0.2594 0.2365 
ipt-2002-01 impetuosus Th 3 White 0.1513 -0.0987 0.5739 -1.3222 0.1020 0.2581 0.3949 
kas-2002-01 kashmirensis Ag 3 White 0.1772 -0.0728 0.9734 -1.4206 0.0746 0.2543 0.2913 
ker-2002-02 keriensis Ml 3 White 0.0902 -0.1598 0.3844 -1.1758 0.1747 0.2722 0.6390 
lad-2002-01 ladakhensis Ml 3 White 0.1431 -0.1069 1.6597 -1.4369 0.1080 0.2524 0.4275 
lem-2002-01 lemniscatus Pr 3 White 0.1471 -0.1029 1.8535 -1.4096 0.1042 0.2535 0.4117 
lep-2002-02 lepidus Pr 3 White 0.1175 -0.1325 0.5150 -1.1731 0.1463 0.2725 0.5302 
lpd-2002-01 lapidarius Ml 3 White 0.1442 -0.1058 1.4402 -1.4565 0.1065 0.2517 0.4233 
mes-2002-01 mesomelas mesomelas Th 3 White 0.0856 -0.1645 0.4049 -1.2062 0.1767 0.2681 0.6577 
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mlo-2002-01 mlokosievitzii Th 3 White 0.1392 -0.1109 0.9746 -1.4417 0.1119 0.2522 0.4435 
niv-2002-01 niveatus Sb 3 White 0.1399 -0.1101 1.1420 -1.4558 0.1110 0.2518 0.4405 
nob-2002-01 nobilis Ag 3 White 0.0595 -0.1905 0.3818 -1.1967 0.2070 0.2700 0.7620 
pat-2002-02 patagiatus Bo 3 White 0.1573 -0.0927 0.2253 -1.0716 0.0899 0.2861 0.3209 
pom-2002-01 pomorum canus Th 3 White 0.1566 -0.0935 0.5087 -1.3895 0.0953 0.2546 0.3739 
pot-2002-01 potanini (impetuosus) Th 3 White 0.0849 -0.1651 0.5945 -1.3511 0.1693 0.2563 0.6606 
psc-2002-01 persicus Th 3 White 0.1131 -0.1369 0.7069 -1.4244 0.1384 0.2527 0.5477 
pse-2002-01 pseudobaicalensis Th 3 White 0.0565 -0.1935 0.5730 -1.3167 0.1999 0.2583 0.7739 
rfa-2002-01 rufofasciatus Ml 3 White 0.1697 -0.0803 2.3023 -1.4223 0.0811 0.2533 0.3211 
sic-1999-01 sichelii Ml 3 White 0.0234 -0.2266 0.3371 -1.1236 0.2514 0.2774 0.9064 
sim-2004-01 simillimus Ml 3 White 0.1487 -0.1013 0.7038 -1.3933 0.1029 0.2540 0.4051 
sup-2002-01 supremus Mg 3 White 0.1483 -0.1017 0.7856 -1.4272 0.1029 0.2529 0.4071 
svm-2002-01 sylvarum daghestanicus Th 3 White 0.1648 -0.0852 2.2441 -1.3681 0.0873 0.2577 0.3407 
tun-1985-01 tunicatus Bo 3 White 0.1067 -0.1433 0.8434 -1.4238 0.1450 0.2528 0.5732 
vel-2002-01 velox Th 3 White 0.1358 -0.1143 0.5482 -1.3460 0.1173 0.2566 0.4569 
wlm-2003-01 wilmattae Pr 3 White 0.0538 -0.1962 0.6381 -1.3330 0.2024 0.2575 0.7847 
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Table 4.2. Descriptive Statistics for Pale Band Hue Scores by Human Color Groups. Summary statistics are shown for each 
human pale band group. Theta represents avian perception of hue in the human-visible spectrum. Z-coordinate represents relative 
stimulation of the avian ultraviolet cone. Both variables were transformed prior to analysis to achieve normality and equal variances. 
Color  Pale Band Color N Theta Z-coordinate Transformed Theta Transformed Z-coordinate 
 Code    mean std. dev. median mean  std. dev. median mean std. dev. median mean std. dev. median 
1 Red/Orange 17 0.155 0.1068 0.1677 -0.21991 0.01921 -0.2236 -1.434 0.597 -1.504 -0.594 0.581  1.388 
2 
 
Yellow 110 0.3413 0.1173 0.3374 -0.20394 0.0297 -0.20633 -0.1163 0.7157  0.0368 -0.2489 0.8199 -0.0919 
3 White 35 0.986 0.672 0.707 -0.12697 0.04405 -0.11425  1.255 0.876  1.244  1.194 0.695  1.388 
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Table 4.3. One-way ANOVA: Transformed Theta and Pale Band Color. Shown are the 
ANOVA and Fisher’s LSD results of transformed theta values (avian perception of color in 
human visible spectrum) by human pale band color group. Color classes with different LSD 
grouping letters are significantly different.   
Analysis of Variance (ANOVA) 
Factor df Adj. SS Adj. MS F-Value P-Value 
Pale Band Color     2   91.29 45.6426 82.84 0.000 
Error 159   87.60   0.5509   
Total 161 178.89    
 
Fisher’s Least Significant Difference (LSD) Test  
Pale Band 
Color 
N Mean St Dev 95% Confidence Interval  
Low Bound    High Bound 
Grouping 
Red/Orange 17 -1.434 0.597 -1.790 -1.079 A 
Yellow 110 -0.1163 0.7175 -0.2561  0.0234     B 
White 35  1.255 0.876  1.007  1.503         C 
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Table 4.4. One-way ANOVA: Transformed Z versus Pale Band Color. Shown are the 
ANOVA and Fisher’s LSD results of transformed Z-coordinates (relative stimulation of the 
avian ultraviolet cone) by human pale band color group. Color classes with different LSD 
grouping letters are significantly different.   
Analysis of Variance (ANOVA) 
Factor df Adj. SS Adj. MS F-Value P-Value 
Pale Band Color     2   62.61 31.3038 52.33 0.000 
Error 159   95.11   0.5982   
Total 161 157.72    
 
Fisher’s Least Significant Difference (LSD) Test  
Pale Band 
Color 
N Mean St Dev 95% Confidence Interval  
Low Bound    High Bound 
Grouping 
Red/Orange   17 -0.594 0.581 -0.964 -0.223 A 
Yellow 110 -0.2489 0.8199 -0.3946 -0.1033     B 
White   35  1.194 0.695  0.936  1.452     B 
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Table 4.5. Regression of Transformed Theta and Z-coordinate. Statistics from the regression 
of transformed theta (avian perception of human-visible light) and Z-coordinates (relative 
stimulation of the avian ultraviolet cone) are shown.  
ANOVA 
Source DF Adj SS Adj MS F-Value P 
TranTheta 1   63.57 63.5737 108.05 0.000 
Error 160   94.14   0.5884 108.05 0.000 
Total 161 157.72    
 
Model Summary  
S R-sq. R-sq. (adj) R-sq. (pred.) 
0.767070 40.31% 39.94% 38.83% 
 
Coefficients  
Term Coeffecient SE T-Value P-Value VIF 
Constant 0.0019 0.0603   0.03 0.975  
TranTheta 0.5961 0.0574 10.39 0.000 1.00 
 
Regression Equation 
TranZ = 0.0019 + 0.5961*TranTheta   
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Figures 
 
Figure 4.1. Color Pattern Element Naming System. Two examples are given for how color 
patches would be named for various dorsal bumble bee color patch configurations. Take special 
note of the “cent” and “lat” patches representing medial and lateral bands, respectively, which do 
not span the entire dorsum. 
 
 
 
 
 
 
 
  
M1 M1 
Mcent 
M2 
M3 
T1 
T2 
T3 
T
4
la
t
L
 
T
4
la
t
R
 
T5 
T3 
T2 
T1 
T4 
  110 
Figure 4.2. Measurement Geometry. Depicted is the measurement geometry used in the 
collection of bumble bee color patch reflectances. The reflectance probe was fitted with a 
beveled clear vinyl tube as a guide to maintain a consistent 45º angle across measurements and a 
fixed distance of 2.5mm from the surface of the bee.   
Reflectance 
Probe 
Anterior of bee 
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Figure 4.3. Avian Visual Modeling. a.) Spectral reflectance is measured for the pale band color 
patches on each specimen. b.) The reflectance spectra for each specimen are averaged and 
normalized to an integral of 1. c.) Stimulation values are calculated based on avian cone 
sensitivities and normalized to sum to 1, giving relative stimulation values. d.) Relative 
stimulation values are converted to three-dimensional coordinates in color-space. e.) Based on 
the location of a point in color space, angles are measured relative to an arbitrary 0º angle to 
represent the hue of a given color point.  
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Figure 4.4. The TETRACOLORSPACE Tetrahedron. An example of the avian tetrahedral 
color space depicted by TETRACOLORSPACE and used for computing spatial hue scores.  
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Figure 4.5. Tetrahedral Color Space and Hue Vectors. a.) The human-visible portion of the 
spectrum from 400-700nm represented as a 2-dimensional plane with three axes representing the 
short, medium, and long-wave sensitive avian cones. The angle, theta, between a color point and 
and arbitrarily determined origin can be used to describe hue in this plane. b.) The tetrahedral 
color space used to incorporate the avian ultraviolet sensitive receptor. The angle phi is used to 
describe the ultraviolet perception of a color patch.  
  
LWS SWS 
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θ θ 
ϕ 
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Figure 4.6. The Problem With Phi. The two red dots represent two color patches with identical 
hue in the human-visible range from 400-700nm but different chroma. The color patches also 
have the same relative ultraviolet reflectance. Due to the differences in chroma, however, the two 
color patches have very different phi values.   
 
 
 
 
 
 
 
ϕ1 
ϕ2  
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Figure 4.7. Johnson Transformed Theta. Shown are the residual distributions and normality 
tests for the data before and after transformation. The transformation function and fit data from 
Minitab are also shown. Minitab was able to achieve normality with a peak Anderson-Darling P-
value of 0.300. 
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Figure 4.8. Johnson Transformed Z-coordinate. Shown are the residual distributions and 
normality tests for the data before and after transformation. The transformation function and fit data from 
Minitab are also shown. Minitab was able to achieve normality with a peak Anderson-Darling P-value of 
0.533. 
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Figure 4.9. Relationship of Avian Theta and Human Pale Band Color. Shown is the interval 
plot for the ANOVA comparing transformed Theta (avian perception of hue in the human-visible 
spectrum) within human pale band color groups. On the x-axis 1 = red/orange, 2 = yellow, and 3 
= white.  
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Figure 4.10. Table 4.13 Relationship of Avian Z and Human Pale Band Color. Shown is the 
interval plot for ANOVA comparing transformed Z-coordinate (relative stimulation of avian 
ultraviolet cone) within human pale band color groups. On the x-axis 1 = red/orange, 2 = yellow, 
and 3 = white. 
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Figure 4.11. Regression Scatterplot of Transformed Z-coordinate by Transformed Theta. 
Shown is a scatterplot of transformed theta (avian perception of the human visible spectrum) and 
Z-coordinate (relative stimulation of the avian ultraviolet cone) values with fitted regression line.  
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Figure 4.12. The Limited Bumble Bee Color Palette. Depicted are the nine most common 
bumble bee colors described by Rapti et al. (2014) and graphed by TETRACOLORSPACE 
based on published spectral data. Orientation of the tetrahedron is from the “top” with the cones 
sensitive to the human-visual spectrum represented in the plane of the page. Color points for 
bumble bee color exemplars are represented by black dots and trace the red-yellow boundary 
with varying degrees of saturation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  121 
Figure 4.13. Reflectance Spectra of Bee Color Classes. One specimen was chosen as an 
exemplar from each color class, hae-2003-01 for red/orange, aur-2014-01 for yellow, and pol-
1993-02 for white. Reflectance lines shown are normalized averages from one pale band color 
patch on a single specimen (O = red/orange, Y = yellow, W = white).  
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APPENDIX A: FIELD SITE DESCRIPTIONS 
Lake of the Woods Preserve  
A natural area near Mahomet, Illinois, administered by the Champaign County Forest 
Preserve. The site straddles the Sangamon River, and features diverse natural landscapes 
including lakes, streams, forests, and restored prairie. I conducted experimental trials at Buffalo 
Trace Prairie, a tallgrass prairie habitat surrounded on three sides by highways and broken by 
intermittent patches of deciduous forest. The specific area selected for this study was located in 
the prairie itself, set back 100 m from the roadway, and 20 m from the forest edge.  
 
Meadowbrook Park  
A public park and restored prairie ecosystem administered by the Urbana Park District. 
Prairie restoration began in 1977, and today more than 32 ha of restored prairie exists on the site 
(UPD 2014). I selected two sites in the park for field trials: the first was located in the southwest 
corner of what is formally called the Wandell Sculpture Garden, 10 m northeast of the 
intersection of the Sculpture Garden Path and the Hickman Wildflower Walk (Table 2.1); the 
second was located 30 m inside the eastern edge of the Walker Grove on the south side of the 
park (Table 2.1). I chose the Wandell Sculpture Garden location because it is one of the largest 
and most diverse prairie patches in the park. The Walker Grove location was chosen because it 
boasted reduced public foot traffic, smaller size, and the presence of trees on three sides of the 
experimental site, presumably increasing bird habitat and bee predation risk at this location.  
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Trelease Prairie 
A natural area maintained for research purposes by the University of Illinois, comprising 
8.09 ha of restored tallgrass prairie (Buck 2015). The prairie itself forms a strip 100 m wide 
surrounding a 24.28 ha block of deciduous prairie grove remnant forest on the north, east, and 
south sides. The prairie is bordered to the west by a two-lane highway, to the north and east by 
agricultural fields, and to the south by residential homes. I conducted experimental trials at two 
locations in the prairie: at the center of the prairie on the north side (2.0 ha), and at the northwest 
corner of the southern strip of prairie (6.71 ha), 30 m from the tree line and the roadway (Table 
2.1). 
 
Phillips Tract  
The most extensive work for this study took place at this University of Illinois site (Table 
2.1). This 64.7 ha site was once a farm and provided multiple ecosystems for experimental trials, 
including a power line corridor (1.0 ha), a bluegrass prairie patch (1.57 ha), and a strip of pasture 
near crop fields (1.0 ha) (Buck 2015).  
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APPENDIX B: FIELD TRIALS DETAILED RESULTS 
Table B.1. Trial A. Phillips Tract, Power Line Corridor. This trial yielded 35 total 
observations. No damage events occurred which could be attributed to birds. Four B. impatiens 
models and one control model went missing. One model of each color pattern treatment 
exhibited severe damage likely caused by a deer or other large animal. 
Dates 5/12/13-5/13/13 5/13/13-5/14/13 5/14/13-5/16/13 5/16/13-5/17/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep.  Dam. Dep.  Dam. 
Model Pattern         
Bombus impatiens 5 0 (4)*  5 0 5 0 2                                                                                                                                                                                                                                                                                                                                                          0 (1)* 
Black 4 0 (1)* 4 0 4 0 6 0 (1)* 
*Denotes damage observations determined non-avian in nature  
Array Anchors White PVC 
Anchor Height 2 m 
Transect Line 
Material 
Monofilament fishing line 
Transect Length 20 m 
Transect 
Orientation 
East – West  
Drop Line Material Monofilament fishing line 
Drop Line Length 1 m 
Drop Line Anchors Natural lead fishing sinker 
Swivel Color Silver 
Model Style Wingless 
Model Seat White plastic button, 8 mm diameter 
    Color Pattern Voucher No. Notes 
Bombus impatiens N/A Model missing, drop line broken 
 N/A Model missing, drop line broken 
 N/A Model missing, drop line broken 
 N/A Model missing, drop line broken 
 104 (NB) Severely mangled/deformed. Plastic button 
crushed. Deer or larger animal.  
Control, black N/A Model missing, drop line broken 
 106 (NB) Severely mangled/deformed. Deer or larger 
animal.  
(NB) = Damage determined not to have been caused by birds.  
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Table B.2. Trial B. Trelease Prairie, South Prairie. This trial yielded 18 total observations. No 
damage attributable to birds occurred, though one black model was severely damaged by a deer 
or other large animal.   
Dates 5/14/13-5/16/13 5/16/13-5/17/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. 
Model Pattern     
Bombus impatiens 5 0 5 0 
Black 4 0 4 0 (1)* 
*Denotes damage observations determined non-avian in nature  
Array Anchors White PVC 
Anchor Height 2 m 
Transect Line 
Material 
Monofilament fishing line 
Transect Length 60 m 
Transect 
Orientation 
East-West 
Drop Line Material Polyester thread, black 
Drop Line Length 1 m 
Drop Line Anchors Natural lead fishing sinker 
Swivel Color Silver 
Model Style Wingless 
Model Seat White plastic button, ¼” diameter 
    Color Pattern Voucher No. Notes 
Control, black 101 (NB) Severely mangled/deformed. Plastic button 
crushed. Deer or larger animal. 
(NB) = Damaged determined not to have been caused by birds.  
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Table B.3. Trial C. Trelease Prairie, South Prairie. This trial yielded 32 total observations. No 
damage occurred to any bumble bee models.  
Dates 5/29/13-5/30/15  5/30/13-5/31/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. 
Model Pattern     
Aposematic, yellow 8 0 8 0 
Control, black 8 0 8 0 
Array Anchors White PVC 
Anchor Height 2 m 
Transect Line 
Material 
Monofilament fishing line 
Transect Length 60 m 
Transect 
Orientation 
East-West 
Drop Line Material Polyester thread, black 
Drop Line Length 1 m 
Drop Line Anchors Natural lead fishing sinker 
Swivel Color Silver 
Model Style Wingless 
Model Placement Random 
Model Seat White plastic button, ¼” diameter 
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Table B.4. Trial D. Trelease Prairie, North Prairie. This trial yielded a total of 366 
observations. Five all-yellow, two B. impatiens pattern, and one black control model were 
damaged by deer. Two all-yellow, one B. impatiens, and one black control model exhibited 
damage attributable to avian predation attempts.  
Dates 6/4/13-6/5/13 6/5/13-6/6/13 6/6/13-6/8/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep. Dam. 
Model Pattern       
Aposematic, yellow 44 0 (4)* 44 0 44 2 (1)* 
Aposematic, B. impatiens 44 0 (1)* 44 0 44 1 (1)* 
Control, black 44 0 (1)* 44 0 44 1 
Totals 132 0 132 0 132 4 
*Denotes damage observations determined non-avian in nature  
Array Anchors White and brown PVC, 7 Arrays   
Anchor Height 2 m   
Transect Line Material Nylon cord   
Transect Length 60 m   
Transect Orientation Random, N=7   
Drop Line Material Nylon thread, black   
Drop Line Length 1 m   
Drop Line Anchors Nylon loop   
Swivel Color Smoke   
Model Style Wingless   
Model Placement Random   
Model Seat Black glass bead, 2mm diameter   
    Color Pattern Voucher No. Notes 
Aposematic, yellow 134 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 135 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 136 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 137 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 140 Indention on ventral thorax 
 141 Small indention on dorsal and ventral thorax 
 145 (NB) Deer soft palette visible dorsally, teeth 
indentions ventrally 
Aposematic, B. impatiens 138 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 142 (NB) Deep indentations on ventral thorax, 
deer soft palette impressions on dorsal thorax 
and abdomen 
 143 Shallow lateral indention 
Control, black 139 (NB) Deep indentions on ventral side, deer 
soft palette impressions on dorsal surface 
 144 Deep laceration on lateral thorax 
(NB) = Damage determined not to have been caused by birds. 
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Table B.5. Trial E. Lake of the Woods Preserve, Buffalo Trace Prairie. This trial yielded a 
total of 180 observations. Four all-yellow, four B. impatiens, and one control model exhibited 
ambiguous damage that could not be attributed to any particular source. Three damage events 
were determined to be the result of avian predation, all involving models with B. impatiens 
coloration.  
Dates 6/27/13-6/28/13 6/28/13-7/1/13 7/1/13-7/3/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep. Dam. 
Model Pattern       
Aposematic, yellow 20 N=0 (2)* 20 N=0 (2)* 20 N=0 
Aposematic, B. impatiens 20 N=1 20 N=2 (4)* 20 N=0 
Control, black 20 N=0 20 N=0 (1)* 20 N=0 
*Denotes damage observations determined non-avian in nature  
Array Anchors Arrays 1-3, white PVC; Array 4, white PVC and 
forest tree 
 
Anchor Height 2 m   
Transect Line Material Nylon cord   
Transect Length 60 m   
Transect Orientation Array 1, North-South; Array 2, East-West; Array 3, 
Northwest-Southeast; Array 4, Southwest-Northeast 
Drop Line Material Monofilament fishing line, black    
Drop Line Length 1 m   
Drop Line Anchors Nylon loop   
Swivel Color Smoke   
Model Style Wingless   
Model Placement    
Model Seat Black glass bead, 2mm diameter   
    Color Pattern Voucher No. Notes 
Aposematic, yellow 148 (AD) long, shallow indentations on 
anterior thorax, lateral thorax, ventral 
abdomen 
 149 (AD) shallow indentions on 
dorsal/ventral thorax 
 155 (AD) scratch on lateral thorax 
 156 (AD) scratches over body 
Aposematic, B. impatiens 147 Indention on lateral thorax 
 150 (AD) scratch on dorsal abdomen 
 151 Indentation on ventral abdomen 
 152 Indentation on ventral abdomen 
 153 (AD) scratch on ventral abdomen 
 157 (AD) scratches on dorsal abdomen 
 158 (AD) scratches on dorsal abdomen 
Control, black 154 (AD) small scratch on abdomen 
 (AD)= damage ambiguous as to source 
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Table B.6. Trial F. Trelease Prairie, North Prairie. This trial yielded 156 total observations. 
Two bumble bee models, both displaying the B. impatiens pattern, exhibited damage that could 
not be attributed to a definite source. No damage attributable to birds occurred. 
Dates 8/14/13-8/16/13 8/16/13-8/18/13 8/18/13-8/20/13 8/20/13-
8/22/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep. Dam. Dep. Dam. 
Model Pattern         
Aposematic, B. 
impatiens 
19 0 19 0 (2)* 19 0 19 0 
Control, black 20 0 20 0 20 0 20 0 
*Denotes damage observations determined non-avian in nature  
Array Anchors White PVC, 2 Arrays    
Anchor Height 2 m     
Transect Line 
Material 
Nylon cord     
Transect Length 60 m     
Transect 
Orientation 
Array 1, Southwest-Northeast; Array 2, Northwest-
Southeast 
  
Drop Line Material Monofilament fishing line, black      
Drop Line Length 1 m     
Drop Line Anchors Nylon loop     
Swivel Color Smoke     
Model Style Wingless     
Model Placement      
Model Seat Black glass bead, 2mm diameter     
    Color Pattern Voucher No. Notes 
Bombus impatiens 165 (AD) Tiny indentions on lateral surface  
 166 (AD) Medium indentation on dorsal thorax, tiny 
scratches on ventral surface 
(AD)= damage ambiguous as to source 
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Table B.7. Trial G. Meadowbrook Park, Wandell Sculpture Garden. This trial yielded 94 
total observations. Two B. impatiens models and one control model exhibited damage that could 
not be attributed to birds. Three avian damage events were recorded, all involving control black 
models.  
Dates 7/30/13-8/1/13 8/1/13-8/3/13 8/3/13-
8/5/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep. Dam. 
Model Pattern       
Aposematic, B. 
impatiens 
15 0 16 0 (1)* 16 0 
(1)* 
Control, black 15 1 16 1 (1)* 16 1 
Totals 30 1 32 1 32 1 
*Denotes damage observations determined non-avian in nature  
Array Anchors White PVC, 2 Arrays  
Anchor Height 4 m   
Transect Line 
Material 
Nylon cord   
Transect Length 60 m   
Transect 
Orientation 
Array 1, North-South; Array 2, East-West 
Drop Line Material Monofilament fishing line, black    
Drop Line Length 1 m   
Drop Line Anchors Nylon loop   
Swivel Color Smoke   
Model Style Wingless   
Model Placement Alternating   
Model Seat Black glass bead, 2mm diameter   
    Color Pattern Voucher No. Notes 
Aposematic, B. impatiens 162 (AD) scratches dorsal 
abdomen 
 164 (AD) Shallow scratches dorsal 
abdomen 
Control, black 159 Indentation ventral thorax and 
dorsal abdomen 
 160 (AD) Small indentation on 
lateral dorsum 
 161 Elongate indentation dorsal 
abdomen 
 163 Moderate gash on lateral 
abdomen 
 (AD)= damage ambiguous as to source 
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Table B.8. Trial H. Meadowbrook Park, Walker Grove. This trial yielded 105 observations. 
Though nine models were damaged (2 B. impatiens, 7 control) and one control model was 
missing, none of these events could be conclusively attributed to avian predation events. 
Dates 8/14/13-8/16/13 8/16/13-8/18/13 8/18/13-8/20/13 8/20/13-
8/22/13 
Deployed/Damaged Dep. Dam. Dep.  Dam. Dep. Dam. Dep. Dam. 
Model Pattern         
Aposematic, B. 
impatiens 
15 0 8 0 15 0 15 0 (2)* 
Control, black 15 0 8 0 (2)* 15 0 14 0 (4)* 
*Denotes damage observations determined non-avian in nature  
Array Anchors White PVC, 2 Arrays    
Anchor Height 4 m     
Transect Line 
Material 
Nylon cord     
Transect Length 60 m     
Transect 
Orientation 
Array 1, East-West; Array 2, North-South   
Drop Line Material Monofilament fishing line, black      
Drop Line Length 1 m     
Drop Line Anchors Nylon loop     
Swivel Color Smoke     
Model Style Wingless     
Model Placement Alternating     
Model Seat Black glass bead, 2mm diameter     
    Color Pattern Voucher No. Notes 
Aposematic, B. impatiens 170 (AD) Small, shallow indentations 
 172 (AD) Small indentions on lateral and ventral 
surfaces 
Control, black 167 (AD) Small, shallow indentations 
 168 (AD) Small marks on lateral and ventral 
abdomen, appear to be talon marks 
 169 (AD) Small, shallow indentions on ventral 
thorax and dorsal abdomen 
 171 (AD) Small, shallow indentions over body 
 173 (AD) Broad, shallow indentions on lateral 
surface 
 175 (AD) Longitudinal laceration on ventral thorax 
 176 (AD) Small, shallow indention at ventral apex of 
abdomen 
 (AD)= damage ambiguous as to source 
 
 
  
  136 
Table B.9. Trial S1. Phillips Tract, Power Line Corridor. This trial yielded a total of 20 
observations. A deer damaged one B. impatiens model. No avian damage events occurred. 
Dates 5/13/13-5/14/13 5/14/13-5/16/13 5/16/13-
5/17/13 
5/17/13-
5/20/13 
Deployed/Damaged Dep. Dam. Dep.  Dam.     
Model Pattern         
Bombus impatiens 4 0 4 0 4 0 4 0 (1)* 
Black 1 0 1 0 1 0 1 0 
*Denotes damage observations determined non-avian in nature  
Presentation Green bamboo garden stakes     
Stake Height 1 meter     
Clip color Black and silver     
Model Style Wingless     
Color Pattern Voucher No. Notes 
Bombus impatiens  102 (NB) Severely mangled/deformed. Plastic button 
crushed. Soft palette of deer visible.  
(NB) =Damage determined not to have been caused by birds. 
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Table B.10. Trial S2. Phillips Tract, Bluegrass Prairie Site. This trial yielded 66 total 
observations. Multiple models of all color pattern treatments sustained damage from birds 
perching on the models. As this damage was not predatory in nature, these models were 
excluded considered undamaged for analysis purposes. One B. impatiens White variant 
and two control black models sustained avian attacks.  
   
Dates 5/25/13 
6:00-11:00 am  
5/28/13 
6:00-11:30am  
Deployed/Damaged Dep. Dam. Dep.  Dam. 
Model Pattern     
Bombus impatiens, white 
variation 
6 1 5 0 (1)* 
Bombus impatiens, red 
variation 
8 0 7 0 (5)* 
Control, Black 20 1 (4)* 20 1 (9)* 
*Denotes damage observations determined non-avian in nature  
Presentation Green bamboo garden stakes     
Stake Height 1 meter     
Clip color Black     
Model Style Winged     
    Color Pattern Voucher 
No. 
Notes 
Bombus impatiens, 
white variation 
107 Deep, triangular indentions on dorsal and ventral thorax 
 115 (NP) Tiny talon indentions on ventral surface from perching bird 
Bombus impatiens, red 
variation 
116 (NP) Tiny talon indentions on lateral surface from perching bird 
 117 (NP) Tiny talon indentions on ventral surface from perching bird 
 118 (NP) Tiny talon indentions on dorsal and ventral surface from perching 
bird 
 119 (NP) Tiny talon indentions on dorsal and ventral surface from perching 
bird 
 120 (NP) Tiny talon indentions on ventral surface from perching bird 
Control, Black 108 Deep indentions on dorsal and ventral thorax 
 109 (NP) Tiny talon indentions on ventral surface from perching bird 
 110 (NP) Tiny talon indentions on dorsal surface from perching bird 
 111 (NP) Tiny talon indentions on dorsal surface from perching bird 
 112 (NP) Tiny talon indentions on lateral surface from perching bird 
 121 (NP) Tiny talon indentions on ventral surface from perching bird 
 122 (NP) Tiny talon indentions on dorsal and ventral surface from perching 
bird 
 123 (NP) Tiny talon indentions on ventral surface from perching bird 
 124 (NP) Tiny talon indentions on ventral surface from perching bird 
 125 (NP) Tiny talon indentions on ventral surface from perching bird 
 126 (AD) Small, shallow indentions on dorsal surface 
 127 (NP) Tiny talon indentions on ventral surface from perching bird 
 128 Tiny talon indentions on ventral surface from perching bird 
 129 (NP) Small, shallow talon indentions from perching bird 
 130 (NP) Tiny, round indentions from talons of perched birds on ventral side 
 131 (NP) Small talon indentations from perching bird on lateral surfaces 
(NP)= damage likely caused by birds but not predatory in nature 
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Table B.11. Trial S3. Phillips Tract, Bluegrass Prairie Site. This trial yielded 64 total 
observations. Multiple models of both color pattern treatments sustained damage attributed to 
birds perching on the models. As this damage was not predatory in nature, these models were 
excluded from predation analysis. However, one black control model was determined to have 
sustained an avian predation event.  
Dates 5/29/13-5/30/13 5/30/13-5/31/13 
Deployed/Damaged Dep.  Dam. Dep.  Dam.  
Model Pattern     
Bombus impatiens 18 0 18 0 (1)* 
Control, Black 18 0 (1)* 18 1 (1)* 
*Denotes damage observations determined non-avian in nature  
Presentation Green bamboo 
garden stakes 
 
Stake Height 1 meter  
Clip color Black  
Model Style Winged  
    Color Pattern Voucher No. Notes 
Bombus impatiens 114 (NP) Tiny talon indentions on dorsal surface from perching bird 
 132 (AD) Lateral dorsum removed along broad, flat plane, likely 
due to contact with moving grass nearby 
 133 Large pinching indentation on thorax, talon marks from 
perching bird on ventral side 
Control, Black 108 Deep indentions on dorsal and ventral thorax 
 109 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 110 (NP) Tiny talon indentions on dorsal surface from perching bird 
 111 (NP) Tiny talon indentions on dorsal surface from perching bird 
 112 (NP) Tiny talon indentions on lateral surface from perching bird 
 121 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 122 (NP) Tiny talon indentions on dorsal and ventral surface from 
perching bird 
 123 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 124 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 125 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 126 (AD) Small, shallow indentions on dorsal surface 
 127 (NP) Tiny talon indentions on ventral surface from perching 
bird 
 128 Tiny talon indentions on ventral surface from perching bird 
 129 (NP) Small, shallow talon indentions from perching bird 
 130 (NP) Tiny, round indentions from talons of perched birds on 
ventral side 
 131 (NP) Small talon indentations from perching bird on lateral 
surfaces 
(NP)= damage likely caused by birds but not predatory in nature, (AD)= damage ambiguous as to source 
 
 
 
